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ABSTRACT 

A l i t e r a t u r e  survey w a s  c o n d u c t 4  on adhesives f o r  CKyOgeniC 
app l i ca t tocs .  This survey w a s  augmented with s p e c i f i c  t e s t s  of 
commercially a v a i l a b l e  adhesives which had been reporr;ed as  
Eerviceable a t  low temperature. The r e s u l t s  of the survey and 
adhesive evaluat ion were ased t o  guide t h e  research e f f o r t s  f o r  
improved f i e l d  use adhesives f o r  cryogenic appl icat ions.  

Research e f f o r t s  were concentrated i n  the a reas  of nylon-epoxy, 
epoxy-polyamide, polyurethane, and fluorocarbon f i l m  systems. E f f e c t s  
of f i l l e r s ,  f i l m  supporting media, and 'surface preparat ion were evalu- 
a t ed .  A wide v a r i e t y  of aluminum and s t a i n l e s s  a l l o y  adherends were 
also evaluated. Tensile shear, t e e  peel, mechanichl shock, and b u t t  
t e n s i l e  s t r eng ths  were determined down t o  -43;3"F. 
loading, and c o e f f i c i e n t s  of expansinns were determined down t o  

Impact, compression 

- 320 O F .  

The b e s t  six adhesives were 1) .a nylon powder f i l l e d  epoxy- 
polyamide p a s t e  system, 2 )  a Teflon FEY f i l m  epoxy-polyamide composite, 
3) and 4) polyurethanes, 5) a g l a s s  f a b r i c  supported Polyurethane, an4 
6)  a Teflon FEF Lot-melt adhesive. With the  exception of t he  lat ter,  
a l l  adhesi-ves were capable of producing bonds wnen cured a t  ambient 
temperature and contact  pressure.  The adhesives can provide 1) e x c e l l e n t  
moderate low-temperature s t r e n g t h  p rope r t i e s ,  2 )  exce l l en t  low- temperature 
s t r e n g t h  p rope r t i e s ,  3) exce l l en t  lcw-temperature s t r e n g t h  and toughness 
p rope r t i e s ,  4) e x c e l l e n t  low-temperature s t r eng th  and toughness w i t h  
f a s t  cure, 5) superior  pee l  s t r e n g t h  at extremely low temperature, and 
6)  exce l l en t  stren::'-' ,I.: Loughness a t  very iow temperature, r e spec t ive ly .  
Only Tef ion FEP hot-melt adhesive exhibi ted LOX compatibil i ty. .  Complete 
specif  icaf i ims Cor esch adhesive are included i n  tnis report .  
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I. INTRODUCTION 
( 

A.  Objective and Purpose 

The purpose of t h i s  program was t o  provide the  National Aeronautics and 
Space Administration with an adhesive,  or  family of adhesives,  f o r  bonding c l i p s ,  
brackets  , e t c . ,  t o  s k i n  port ions of fue l  and oxidizer  contairlers and o the r  r e -  
l a t e d  components of launch vehicles  f o r  space c r a f t .  The adhesives were t o  be 
appl icable  w'.zii completely submerged i n  cryogens such as  l i q u i d  oxygen, l i q u i d  
n i t rogen ,  and l i q u i d  hydrogen. It was desired t h a t  the techniques of surface 
preparat ion and bonding be simple and r ead i ly  adaptable t o  f i e l d  use by techni-  
c ians  having l i t t l e  o r  no experience i n  p l a s t i c s  technology. It was f u r t h e r  
des i r ed  t h a t  t h e  adhesive be s u i t a b l e  f o r  app l i ca t ion  t o  v e r t i c a l ,  ho r i zon ta l ,  
o r  overhead su r faces .  
conditions with an absolute  minimum of  bonding pressure -- l e s s  than 1 p s i .  

Bonding and curing were t o  be accomplished under ambient 

Further requirements of t h e  adhesive were t o  be r ec i s t ance  t o  environmental 
exposure, high thermal conductiviky, low shrinkage, thermal expansion matched 
t o  t h a t  of adherend, modulus equal t o  o r  lower than adherend, high s t r eng th ,  low 
s p e c i f i c  g rav i ty ,  long she l f  l i f e ,  s h o r t  cure t i m e ,  tape form, s u f f i c i e n t  flow 
t c  f i l l  voids ,  thermosett ing, high impact and pee? r e s i s t a n c e ,  good aging r e -  
s i s t a n c e ,  mechanical shock and v ib ra t ion  r e s i s t a n c e  , and t h a t  they be app l i cab le  
over  t h e  -423 t o  +260"F temperature range, 

B. Nannco Concept of  Adhesives f o r  Cryogenic A p p l i c a t . .  

A t  extremely low temperature, the physical propert ies  and behavior of  atoms 
and molecules a r e  d r a s t i c a l l y  a l t e r e d .  I n  polymers, molecular mation i s  r e -  
s t r i c t e d  and t h e  a b i l i t y  o f  t h e  molecules t o  move produces extreme b r i t t l e n e s s .  
When an e x t e r n a l  force i s  app l i ed ,  t he  energy i s  prematurely absorbed by valence 
bond rup tu re ,  and the  adhesive f a i l s .  S i l i cone  rubbers and f l u i d s  have been used 
a t  low temperatures because of a favorable viscosity-temperature r e l a t ionsh ip ;  
it i s  a b i l i t y  of t h e  methyl groups t o  r o t a t e  f r ee ly  about t he  s i l i c o n  atom t h a t  
prevents the development of extreme b r i t t l e n e s s ,  although the  rate of r o t a t i o n  is 
slowed. S i l i cone  polymers a r e  amorphous o r  non-crystal l ine materials. This 
property is an a i d  t o  f r e e r  molecular motion. 

Very few s t r u c t u r a l  adhesives a r e  e i t h e r  completely c r y s t a l l i n e  o r  compietely 
' amorphous, so various degrees of c rys t a l  l i n i t y  do e x i s t .  Organic polymers which 

l a c k  ion ic  bonding have cross  l inkages which a c t  t o  support t he  s t r eng th  of t he  
covalent bonds. Unforcunately, t he  cross  l inkages a l s o  serve t o  increase 
b r i t t l e n e s s  and decrease toughness. A compromise f o r  t h i s  problem i s  found i n  
a weaker type of c ros s l ink ing  bond, c a l l e d  the  hydrogen bond. A hydrogen 
bond has a d i s soc ia t ion  energy of  about 2-5 Kcals/mole compared t o  about 50 
Kcals/moLe f o r  a C-C bond. 
can be incorporated i n  s u f f i c i e n t  numbers a s  cross-l inkages , t h e i r  a c t i o n  could 
r e s u l t  i n  des i r ab le  p rope r t i e s  a t  normal temperatures and impart t o  t h e  adhesive 
t h e  necessary s t r e n g t h  e t  very low temperatures,  without t he  penalty ol: 
b r i t t l e n e s s  produced by covalent crosslinkages.  
a t t r i b u t e s .  

If hydrogen bonds, o r  bonds of s i m i l a r  s t r e n g t h ,  

As an example, nylon has a l l  these 
When incorporated i n t o  an adhesive containing an epoxy polymer, t he  

1 
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e f f e c t s  are mast b e n e f i c i a l  a t  cryogenic temperatures.  
now preponderantly amorphous, and so i t s  b r i t t l e n e s s  is  reduced and app l i ca t ion  
of an e x t e r n a l  fo rce  f a i l s  to  s e v e r e l y  break covalent bonds. 

The adhesive system i s  

Another important. phenomenon now e n t e r s :  app l i ed  f m c e s  a l i g n  the  nyl-on 
molecules,  which al lows the  energy t o  be absorbed, t h e  r e s u l t  being favorable  
o r i e n t a t i o n s  t o  permit formation of  hydrogen bonding. This not  only provides 
an energy s i n k  which might be termed an energy of  o r i e n t a t i o n ,  but t h e  hydrogen 
bond formation adds l a r g e  numbers of  weaker c r o s s  l i n k s  and s t r eng thens  the 
adhesive.  
t e n s i l e  f o r c e  does no t  completely o r i e n t  a l l  t h e  nylon molecules. 
th is  reason t h a t  t h e  adhesive does not e m b r i t t l e  r a p i d l y .  

This is  no t  a n  instantaneous process ,  so a s i n g l e  a p p l i c a t i o n  of a 
It is €or 

I n  gene ra l ,  t hen ,  o u r  b a s i c  thoughts toward development of adhesives f o r  
extremely low temperature appliC8tiOnS include hydrogen bonding for prevent ing 
low temperature embri t t lement ,  adhesive processing techniques t o  prevent low 
temperature embrit t lement from r e s i d u a l  s o l v e n t s ,  f i l l i n g  and a l l o y i n g  techniques 
i n  adhesive formulation t o  c o n t r o l  such f a c t o r s  as s o f t e n i n g  po in t  and thermal 
expansion, and o t h e r  areas as o u t l i n e d  i n  t h e  t e x t  belcw. 

C.  Method o f  Approach 

The 
a dhes ive 

1. 
2 .  
3 .  
4 .  
5 .  
6 .  
7. 
E .  
9. 

10 .  
11. 
1 2 .  
13. 
14. 
15. 
16. 
17 .  

fol lowing areas were s t u d i e d  i n  t h e  at tempt  t o  develop improved 
systems f o r  a p p l i c a t i o n  a t  very low temperature: 

L i t e r a t u r e  survey 
E x i s t i n g  adhesive type s e l e c t i o n  
Metal s u r f a c e  treatment2 
Processing f o r  nylon-epoxy adhesives  
Nylon polymer and copolymer chemical s t r u c t u r e  
Modified nylons 
New nylon-epoxy polymers 
Comparison of epoxy w i t n  o t h e r  r e s i n s  f o r  r e i n f o r c i n g  nylon 
F i l l e r s  
RT-cured epoxy-polyamine and epoxy-polyamide systems 
Composite adhesives 
Misccl 1 aneous elasromers on(! r e s i c c  
Polyurethane and modified systems 
Fabr i c  supported adhesives 
Teflon FEP as a hot-melt adhesive 
Chemical. and physical  improvements for adhesives 
LOX impact i n s  ens i t i v e  adhes i v e s  

11. LITERATURE SLiRVEY 

I n  o rde r  t o  e s t a b l i s h  the b e s t  p o s s i b l e  foundation f o r  ca r ry ing  o u t  a 
m a t e r i a l s  development program designed t o  produce a very low temperature adhesive,  
i t  was considered necessary t o  survey the a v a i l a b l e  l i t e r a t u r e  p e r t a i n i n g  t o  
the  s u b j e c t .  It was intended t h a t  e x i s t i n g  data  serve as guides  f o r  f u t u r e  
development, and t h a t  t h e  l i t e r a t u r e  survey be maintained on s continuing b a s i s  
throughout t h e  program t o  keep t h e  r e sea rch  e f f o r t  a b r e a s t  of new materials 
and methods. 
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The survey was conducted, and a l l  a v a i l a b l e  information on t h e  performance 
of  e x i s t i n g  commercial s t r u c t u r a l  adhesives i n  t h e  cryogenic environment was 
c o l l e c t e d .  This  included Chemical Abstracts  (years 1?$6 t o  1958 i n c l u s i v e )  , 
new texts,  p r i v a t e  company r e p o r t s ,  a r t i c l e s ,  and a l l  Government r e p o r t s  and 
publ icat ions dea l ing  with s t r u c t u r a l  adhesives and p l a s t i c s .  I n  add i t ion  t h e  
manufestures of  adhesives recommended for extremely low temperature a p p l i c a t i o n  
were contacted and t h e i r  d a t a  were used ex tens ive ly .  

To da te ,  Table 1 rep resen t s  t h e  most complete compilation of a l l  e x i s t i n g  
da ta  f o r  commercial adhesi-ves i n  cryogenic environments published under one 
cover. Thirty-one adhesives a r e  represented from 18 d i f f e r e n t  da t a  sources .  
The d a t a  include those a l r e a d y  published a s  w e l l  as  data  developed s p e c i f i c a l l y  
under t h i s  c o n t r a c t  t o  complete t h e  a reas  f o r  adhesives where no data  e x i s t e d .  

111. EXISTING ADHESIVE TYPE SELECTION 

Before any development work could be undertaken, i t  was necessary t o  
e s t a b l i s h  t h e  performance c h a r a c t e r i s t i c s  of  t h e  b e s t  a v a i l a b l e  materials. 
l i t e r a t u r e  survey helped form t h e  b a s i s  f o r  t h e  s e l e c t i o n  of e x i s t i n g  commercial 
adhesCGes along with the  edhesive requireEents listed i n  the In t roduc t i cn .  
(Other requirements included ease of su r face  and bond p repa ra t ion ,  thermoset t ing,  
and good aging c h a r a c t e r i s  t i c s . )  

The 

Figure 1 i s  a bar  graph comparing t h e  -320°F t e n s i l e  shea r  s t r e n g t h  (metal- 
to-metal adherends) f o r  a broad family o f  adhesives .  The. nylon-epoxy family was 

polyamide family was s e l e c t e d  because of  ease of bond p repa ra t ion  and moderate 
cur ing procedures.  The polyurethane family was s e l e c t e d  because o f  an actual gain 
i n  s t r e n g t h  from room temperature t o  -320°F. 
commercial adhesives vhich were s e l e c t e d :  

.,. 
1. accordingly s e l e c t e d  because o f  s u p e r i o r  s t r e n g t h  a t  low temperature,  The epoxy- 

The f n l l n v i n g  is the l i n t  o f  

Adhesive Type 

. Metl-bond 406 
Metlbond 408 
AE -40 
AF-41 
FM-1000 
R e s i n  3135* 
EC-1933BfA 
APCO - 1 2 6 1 

Nylon-epoxy 
N y 1 on - e poxy 
Nylon - epoxy 
Nylon-epoxy 
Ny Lon-epoxy 
Epoxy -po lyamine 
Epoxy-polyamine 
Polyurethane 

A l l  o t h e r  adhesive systems were excluded for  one o r  more o f  t he  following 
t h e i r  mediocre s t r e n g t h  p r o p e r t i e s ,  t h e i r  loss of s t r e n g t h  i n  t h e  reasons : 

cryogen;= environment o r  t h e i r  r e l a t i v e l y  e l a b o r a t e  procedures f o r  s u r f a c e  and 
bond preparat ion.  

. h 

*This, and a l l  subsequent r e fe rences  t o  Resin 3135, r e f e r s  t o  Resin 3135 with 
Curing Agent 7111. 
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SURVEY OF TENSILE sdEAR HIID TEE PEEL STRE1 

- 
Adhesive and 
Manu f ac ture r 

I 

Sure Type ,. Metlbond 406, Nylon- 
NO PRIME, Narmco epoxy 
Materials Div., 
Telecomputing Corp. 

RT-350°F in 20  min, 
1/4 Hr 35OoF 25 p s i  

2. Metlbond 408, 
NO PRIME, Narmco 
Materials D i v . ,  
Telecomputing Corp. 

3 . ,  AF-40, NO PRIIE, 
Minnesota Mining 6r 
Manufacturing Co. 

.064" 7075T6 Bare 

.020" It 11 

.020" EFH 301 S/S 

,064" 2024'33 Clad 
I ,  ,032" 'I 

,064" 7075T6 Bare 
.020" I '  I! 

4. AF-41, NO PRZHE, 
Minnesota Mining & 
Manuf ac turlng CO. 

-- -- 
-- 
-- -- 
-- 
- 

1 Hr 350'F 25 p s i .  

1 H r  350°F 50 psi. 

I 

epoxy 1 Hr 350'P 50 p s i -  

'I I-- .032" " 



TABLE I 

LITERATURE SURVEY 

SURVEY OF TENSILE SHEAR AND TEE PEEL STRENGTHS FOR EXISTING COEIMERCIAL ADHESIVES 1N CXYOCENIC ENVIRONMENTS I 
Tensile Shear S t  

in 2 0  m i n ,  ,064" 2024T3 Clad 20009, 38607 59807 - -  56207 
D'P 25 psi. ,020" 'I 

Ee Adherend +25OoF +180 RT -40 -67 - 
-- _ _  - - -- - -  

57901 - -  - -  .064" 2024T3 Bare -- 
.064" 7075T6 Esre 
.020" I #  ' I  I 

I-- --  -- 

1 .0201' EFH 301 S/Sl - -  

,100" 5456 Bare 

,020" EFH 301 S/S 

.0201' A-?.lO-AT T i  
in 20 min, .064" 2024T3 Clad 

( I  IF 25 psi'. .020" " 

.06L" ?075T6 Bare 
9 3  

I 

-- 
-- 
-- 
-- _ _  
-- _ _  

.- 

I 

.064" 7075T6 Bare 

.020" " (1 

-- I -- I-- I --  

-- 
- _  

-- - -- ee Pet Stre 
+la0 RT 



WLE I 

:URE SURVEY 

E X I S T I N G  COMMFXCIAL ADHESIVES IN CRYOGENIC ENVIBONMEMS 

L i n l m i n  si 
-100 - - =I= 4360, -- 

~ 4 0  1 -67 -320 -. 
I 

.. .- .- 

.- 

60201 (67301 

2 

_ _  j -_ 
2 

20 
- -  
151 1 

. -  I -- - -  
11.78 I: I:: 2 

$': 

.- 

20 

2 
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m e  

epoxy 
Nylon- 

Adhesive and 
Cure 

1 Hr 350'F 25 psL. 
RT-350°F lO'F/mi~, 

Manu fac t ure r 
i. FM-1000. NO PRIME. 

.020" It 

.064" 2024T3 Bare 

.064" 7075T6 Bare 

.02O1' I' 

.020" EFH 301 S / S  

.26411 2024T3 C l ~ d  

,064" 2024T3 Bare 

.064" 7C75T6 Bare 
,020" 11 

.020" EFH 301 S/S 

.020" A-110-AT T i  

11 

11 

,064" 2024T3 Clad 
Prime 

.064" 7d75T6 Bare 

.020" It 

.064l1 2024T3 Bare 

.064" 2024T3 C l a d  

II 

Na-amide -treated 
Teflon t o  SAE 
52100 Steel.  
Copper 

Bloomingdale Rubber 
co. 

-- -- 
-- 
-- 
- -  
-- 
-- 
- -  - - 
- -  
-- 

11001: 

-- -- 
-- 
--  

--  -- 
--  

-- 
j. Resin 3135, Narmco 

Materials Div., 
Telecomputing Corp. 

I 1  

1 1  

1 1  

7 .  EC-I9338/k, NO PRIME, 
Minnesota Mining & 
Manufacturing Co. 

8.  Resiweld No. 4. 
H.  B. Fuller Co. 

3. EC-1469, Minnesota 
Mining & Manufacturin 

10. Armstrong A-4, 
Armstrong Products Co 

11. Alumina Fi l led  
E DOXY 

Epoxy - ii2 iir 200'F contact +- polyamide 24 Hr Contact 

po 1 y amine 

I - 
Epoxy- I 24 H r  RT Contact 

I 
3f4 H r  335'F 150 
psi. 

EPOXY 

I -- EPOXY 
1 



TABLE I (Continued) 

I Tens 
~~ 

Adherend +2 >O°F - 
L -  . .  

.020" I# -- 
,064" 2024T3 Bare -- 
.064" 7075T6 Bare -- 
.020" 11 _ _  
.020" EFH 301 S / S  -- 
.064" 2024T3 Clad - -  
.064" 2024T3 Bare - -  
,064" 7075T6 Bare -- 
,020'' -_ 

" 

1) 

'I 

.020" EPH 301 S / S  -- 
,020" A-110-AT Ti -- 
.06&" 2024T3 C l a d  

Prime 11001: 

.064" 7075T6 Bare - -  
,020" " _ -  
.Oh4" 2024T3 Bare -.. 

.064" 2Ql4T3 Clad -- 

$ 1  

Na-amide-treated - -  
Teflon to SAE - -  
52100 S t e e l .  
Copper - *  

37301 

- -  I 2 l 8 O 1  
-- I --  -- I - -  

40001! 

-- -- I 

4- 35005 
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I _ -  . . - 

* 
Adhesive and 
Manufacturer 

I 

Type Cure Adherend 
-12. XL967045-B/A, EPOXY 48 H r  RT Contact .OG4" 2024113 Clad 

13. Metlbond 302, Narmco Epoxy- 1 H r  350°F 25 p s i  .064" sf  301-1/2H-28 s 

,020" 7075T6 Bare 

Minnesota Mining C 
Manufacturing Co. 

Mate r i a l s  Div., phenol i c  
Telecomputing Gorp. 

.020" El" 301 S/S 

.020" A-110-AT Ti 

K- 35OoF 25 psi .064" s/s 301-1/2H-2B 

,064'' 2024T3 Bare 
phano l i c  

115.  Metlbond 4021, Narmco Ni t r i le  1 Hr 350°F 100- 
I I  

4 Mate r i a l s  Div., Phenolic 200 p s i .  .020" ' I  
.064" 2024T3 Clad Telecomputlng Corp. 

\ 
k i t r i l e  1 H r  350°F 100- .064" 2024T3 Bare 

'I 
16. Metlbond 4041. Narmco M a t e r i a l s  Phenolic 200 p s i .  .020" 

Div., 
Telecomputing Corp. ,020" EFH 301 S/S 

.020" A-110-AT T i  

1 7 ,  AF-32, Mink- -cots g i t r i l e  1 Hr 350'F 100 psi. .020" EFH 301 S / S  
1 Mining & Manufacturing Phenolfc 

C". 

Mining & Manufacturing Phenolic p s i  
Go. 52100 S t e e l  

Mining (3 Manufacturing Phenol ic  
co. 

20. Bondmaster M24B, Rubbei Rubber- 

.phenol ic  

Nitr i l e  112 tit 3 % " ~  i2C Na-zsn!i.de - t r e a t e d  18. AF-13, Minnssota 

19. AF-5930, Minnesota Uitrile 1 H r  35OoF 150 p s i  ,064'' 2021T3 Clad 

,064'' 2024T3 Clad 

Te f lon  t o  SAF 

1 Hr 350°F 50 p s i  
6 Asbestos Corp. P Doxy - 

+250CF +180 - -  
- -  

- -  -- 
- -  -- 

_ -  -- 
- -  -- 
- D  -- 

-- 29002 - -  _ _  -- -- 
-- 25002 -- _ -  

- -  -- 
-- -- 
-- - -  

-- 
- -- - -- 

-- -- 

-- -- 
L 

c 



TABLE I (Continued) 

Adherend +250'F +180 
.064" 2024T3 Clad I- T 

I I 

.064" 301 -1/28-28 - -  - -  s/s 

.020" 7075T6 Bare -- I I - -  

.020" EFE 301 S/S - -  I I - -  

S l S  
.064" 2024T.3 Fare - -  29002 
.020" " -- -- 1: 

I - -  .064" 2024T3 Clad1 - -  
I I 

.064" 2024T3 Bare - -  

.020" " I n  _ _  1 25002 
I - -  

.020" EFH 301 S/S  1 _ -  I - -  

-- . Teflon tc SAE 
52100 Stee l  I 
.06bt' 2024T3 Clad - -  -- 

.064" 2024T3 Clad -- v 
1 



(continued) 

-- 
e Shear Strennth&_psi 
40 4 -67 -90 -100 1-320 
- - -  - -  220Ol6 - -  -_ 

.- - -  _ -  25853 3135? 

- -  -- - -  . _  -- 

-I- 
30003 -- I - -  - -  

26901 - -  ' I  

10853 

20701 I - -  * 
I 

- 

- -  I - -  

+ -- 

-.-I- 
--  I --  1 
(Continued c 

-- 
- -  1 2 
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22. Bondmar ter  ..648, Rubb 
& A s b e s t o s  Corp .  

T e l e c o m p u t i n g  Corp.  
2 7 .  APCO-1261, A p p l i e d  

P l a s t i c s  D l v . .  

EpoxV 
P o l y -  112 H r  30D0Y C o n t a c t  .064" 7075T6 Bare -- -_  

-- * I  _-  u r e t h a n e  u n d e r  100 psi .020" " 
Hexcel P r o d u c t s  C 3 .  

2 8 .  APCO-1210, A p p l i e d  
P l a s t i c s  Div., 
Hexcel  P r o d u c t s  C o .  

29. Svedlow 371W. 5wedlow 

n i t r o g e n .  I 
24 H r  RT C o n t a c t  .064" 2024T3 B a r e  - -  -- 

.020" EFH 301 S/S -- - -  
P o l y -  
urethane 

1 / 2  H r  3/+O0F 5 psi .C64" 2024T3 C i a a i  -- -- V i n y l  
P l a s t l c s  Co.  

Rubber Co. 
30 .  FM-47, Bloomingdale  

NCITTE: The s u b 8 c r i p t S  i n  Table I r e f e r  t o  t h e  r e f e r e n c e 6  below. 

P h e n o l i c  
V i n y l  1 H r  350°F ZOO psi .064" 2024T3 C l a d  - -  
P h e n o l i c  

_ -  

5 .  

1 / 2  H r  340'F 100 p s i  31. Redux 7 7 5 ,  I v i n y l  

H e r t z ,  J., "Epoxy-nylon Adhesives  for Low-Temperature Appl ica taons ,"  7. 
Genera l  Dynamics A s t r o n a u t i c s ,  Cryogenic  Engineer ing  Conference,  
U n i v e r s i t y  of Michigan, August 1961. 

Eoyie, G. E. ,  " L n v e s t i g a t i o n  of L o w  Temperature S t r e n g t h  P r o p e r t i e s  8.  
of P l a s t i l o c k  601 Adhesive," Narrnco r e p o r t  to  B e l l  H e l i c o p t e r  
Company (WO X-286), June 3, 1959. 

F r o s t ,  William H., "St rength  of S t r u c t u r a l  Adhesives  a t  Temperatures  
Down t o  Minus 424"F," WALK Technica l  Report  59-260, November 1959. 9. 

Eppinger, C.  E. 2nd Love, W. J., "Bonding P l a s t i c  t o  Metal  f o r  High 
S t r e n g t h  a t  Low Temperature ,  " Advances i n  Cryogenic  Engineer ing,  
Vol. 4 ,  page 123. 

McClintock. R. M. and Hisa,  M. J., "Epoxy Res ins  as Cryogenic  S t r u c -  
t u r a l  Adhesives ,"  CEL, NBS, Boulder, Colo., a l s o  Modern P l a s t i c s ,  35, 
172 (1958); a l s o  NBS Repor t  5093 (1957) .  
of Epoxy Resfn  Adhes ives ,"  L%S T e c h n i c a l  News B u l l e t i n ,  Vol. 24,  
No. 5 ,  page 64 (1958). 

"Adhesive P r o g e r t l e s  Minus 300°F t o  P l u s  700"F," North American 11. 
Aviation, AF 33(600)-28469, ASTtA 151529, September 1957. 

"Low Temperature  S t r e n g t h  10. 

.064" 2024T3 Clad - -  --  

"QuaLif icat ion 
No. 01027,  Natn 
Corp., June 196 

"Development of 
C o n t r a c t  No. Np 
Telecomputing ( 

C i b e  C o . ,  I w .  
32. EC-1471, Minnesota 

Mining  & E l a n u f a c t u r i n g  
co .  

Smith, M. Brucc 
Sandwich Adhesj 
Research & Devc 

a. Progrc 
b. N a r m c c  
c. F l n a l  

P h e n o l i c  
V i n y l  
P h e n o l i c  

1 Hr 350°F 150 p s i  .064" 2024T3 Clad -- - -  

" Q u a l i f i c a t i o n  
T e s t  Repor t  No 
Te Lecomputing 0 

%F-40, 'I A i r c r  
Manufac tur ing  



TIABLE I (Continued) 

low. 

pf?iC&tiCZS," 7. 
n f erence , 

h P r o p e r t i e s  8 .  
copter  

'zcmperatxes 
vamber 1959. 9 .  

t a l  f o r  High 
lgtneer ing. 

Zogenic Struc- 
I ? l a s t i c s ,  35, 
:urp Strength  10. 
VOl. 24, 

"QQualLEFcatiai of Mrtlbond 406 t o  Type II MIL-A-S090D," 
No. 01027, Narmco Research h Development, a Division of Telecomputing 
Corp., June 1960. 

13. 
"Development of Adhebiveb h i  V a r y  b w  Triiiperatuce hpyl iG3tlon,"  
Contract  No. NAS 8-1565. Narmco Research 6 Development, a Division of 14. 
Te~eCOmpUtlng Corp. 

T e s t  Report 12. 

15. 
Smith, H. Bruce and Lincoln, J. D., "Development of Law Temperature 
Sandwlch Adhesive System." Narmco Propr ie ta ry  Reports, Narmco 
Research 6 Development, a Division oL Telecomputing Corp.(unpublirhed). 16. 

a. P K U ~ K ~ S S  Report 113, November ?959. 
b. Narmco Br-ochuue ADS. 12. 
C. F i n a l  Report, December 1960. 1 7 .  

"Qual i r ica t ion  of Metlbond 408 to Type I ,  Class 2, MIL-A-25663," 
T e s t  Report No. 01027-1, Narnco Research & Development, a DlvLsion of 
Telecomputing Corp., A u g u s t  1960. 

18. 

"AF-40." Alrcraf  t ProducL Iricroductory Data, Minnraota M i n i n g  
Manufacturing Co., Hay 20, 1960. 

%F-41, " A i r c r a f t  Produc 
Manufacturing "0. 

"FM- 1000 Adhesive Film, " 

"Narmco Tcrmula 3135 Res 
Te 1 ecomputing Corp. 

"3M Adhcslve EC-l933B/Aa 
co . 
"XL- 967045 A/ B Adhee Fve , 
YeEruary 7,  1961. 

"Metlbond 303," ADS. 6, 
Corp. 

Hertz, J., General Dynsn 
Research h Development, 
(unpublished). 



(Cont inued)  

16 to  Type I, l4lL-A-S090D," T e s t  Eepor t  
Development, a D i v i s i o n  of  Telecomputing 

r Very Law Temperature Appl ica t ion ,"  
nco Research E* Development, a Dlv is ion  of 

J. D.. "Developmrut of Low Temperaturc 

12. 

13. 

14. 

15. 

Vamco P r o p r i e t a r y  Reports ,  Narnco 
i i s i o n  of Telecomputing Corp. (unpubl ished) .  16. 

. 12. 
3er 1960. 17. 

November 195 9. 

38 t o  Type I, Class 2, MIL-A-25463," 
nco Research 6. Development, a Divis ion  af 
1960. 

t r o d u c t o r y  Data, Minnesota Mining h 
960. 

18. 

"AF-41, " A i r c r a f t  Product In t roductory  Data, blinilesota Mining 6 
Manufacturing Co. 

"FM-1000 kdhesive Film," Bloomlngdale Pubber Co., May 1, 1960. 

"Nacmco Formula 3135 Resin," PRDS. 5 ,  Narmco Matei iaLs Divis ion,  
Telecomputing Corp. 

"3M Adhesive EC- 1933B/A, I'  Issue #I ,  Minnesota Mining & Manufactur ing 
co . 
"XL-967045 A/B Adhesive, " Minnesota Mining h Manufactur ing Co., 
February 7, 1961. 

"Metlbond 303." ADS. 6, Narmco M a t e r i a l s  Div is ion ,  TeLecomputing 
C o r p .  

Hertz ,  J., General  Dynamics Ast ronaut ics ,  and Smith, M. B., Narmco 
Research 6 Development, a Dfvision of Telecomputing Cotp. 
(unpubl ished) .  
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2 Vinyl 
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K E  Epoxy 

'B --i 

O E  -0 ,  Phenolic 5 Phenolic Nylon I Epoxy 

Adhesive Code: 
ffl. Metlbond 406 
#2. Metlbond 408 
#3. AF-40 
#4. AF-41 
#5. FM-1000 
$6. Resin 3135 & 

Curing Agent 71 11 

d 
#7. EC/1933B/A 

+ll.  Alumina Filled 
kt13. Metlbond 302 
#14. Epon 4225 
#15. Metlbond 4021 

#9. EC-1469 
EPOXY 

# 19. AF-5930 
#20. Bondmaster M24B 
#25. Metlbond 303(MN3C) 

*29. Swedlow 371W 
a31. Redux 776 

Y27. APCO-1261 

Figure 1. Basis for Select ion of Existing Adhesive Types. 
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I V .  EXISTING ADiiESIVE EVALUATION 

I n  e s t a b l i s h i n g  t h e  performance c h a r a c t e r i s t i c s  of t h e  b e s t  a v a i l a b l e  m a t e r i a l s  
mentioned above, a t e s t i n g  program was e s t a b l i s h e d .  In add i t ion  t o  t h e  general  
requirements l i s t e d  i n  t h e  In t roduc t ion ,  i t  is be l ived  that t e n s i l e  shea r  s t r e n g t h  
and tee peel s t r e n g t h  are outs tanding qua l i fy ing  tests f o r  adhesives .  It i s  
f i rmly be l ived  t h a t  the t e n s i l e  shea r  t e s t  de f ines  t h e  s t r e n g t h  of an adhesive,  
and tha t  the tee pee l  test  de f ines  t h e  toughness o r  f l e x i b i l i t y  of the adhesive.  

The fol lowing step-wise screening procedure was e s t a b l i s h e d  t o  eva lua te  
adhesives - both e x i s t i n g  and newly developed systems: 

S tep  1. Tensi le  s h e a r  and t e e  peel s t r e n g t h  a t  -320 and +7S°F. 

S t e p  2.  T e n s i l e  shea r  and t e e  p e e l  s t r e n g t h  over  temperature range f r a m  
-423 t o  +260°F. 

S t e p  3. The most promising members of each category of adhesives should 
then  be t e s t e d  i n  t h e  following parameters: 

a.  Mechanical shock 
b. But t  t e n s i l e  
c . Compress ion  
d. LOX compa t ib i l i t y  

When development work was begun, t he  new adhesives were p rogres s ive ly  tested 
u n t i l  they f a i l e d  t o  meet values  e s t a b l i s h e d  by t e s t i n g  o f  t h e  b e s t  commercially 
a v a i l a b l e  m a t e r i a l s .  

A. T e n s i l e  Shear 

The a l l o y  s e l e c t e d  for  eva lua t ion  was .064" 7075136 ba re  aluminum. Die-cut 
break away type  panels ,  y i e l d i n g  e i g h t  1" wide specimens, (see F igu re  2 j  were 
s e l e c t e d  i n s t e a d  of MIL-A-5090D s o l i d  panels so t h a t  l i t t l e  o r  no damage would 
r e s u l t  from s e p a r a t i o n  o f  the panels i n t o  1" w i d e  +_est  sp-cimens, Szr facc  pre- 
pa ra t ion  c o n s i s t e d  of a methyl e t h y l  ketone degrease, standard FPL sodium dichromate- 
s u l f u r i c  a c i d  etch,* d i s t i l l e d  w a t e r  r i n s e ,  and 15O0P oven dry. 
s u r f a c e  t reatment  was used throughout t h e  program, except where i t  i s  otherwise 
noted. 

T h i s  des ign and 

The non- ro l l ed ,  squa re ,  deburred and sharp s i d e s  of  t h e  d i e -cu t  break away 
panels were s e l e c t e d  as  t h e  faying s u r f a c e s .  
mately 1" x 10 1/4" w a s  interposed between t h e  f ay ing  su r faces  and t h e  bond, and 
assembled wi th  1/2" over l ap ,  using a cur ing f i x t u r e  made from 1/2" square steel  
b a r  s t o c k  equipped wi th  p ins  t o  a s s u r e  alignment of  the lhb edges of  each specimen. 
N o  prime was employed. 
a s p a t u l a ,  and .004" s o f t  aluminum wire was layed i n  t h e  g l u e l i n e  t o  c o n t r o l  
t h i ckness  

A s t r i p  of adhesive measuring approxi- 

Pas t e  adhesives were app l i ed  t o  t h e  faying s u r f a c e s  with 

~ 

B: *Immersed 5-10 minutes i n  a s o l u t i o n  maintained a t  150-160°F of 30 p a r t s  by 
weight sodium dichromate,  17U p a r t s  by weight d i s t i l l e d  wa te r ,  anc! 50 par te  
by weight concentrated s u l f u r i c  a c i d .  
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Tabs 
- 

8 -3/ 8" 
Holes 

Die cut tensile shear panels 
bonded with half-inch overlap 

rl P 

R e  i n  f orc ing 
S t r i p s  

Figure 2 .  Specimen design f o r  t e n s i l e  shear tests. 
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The bond assembly was p res s  cured according t o  t h e  manufacturer 's  recommended 
t i m e ,  temperature,  and pressure cycle .  A thermocouple loca t ed  immediately ad jacen t  
t o  t h e  overlap a r e a  was  employed €or monitoring temperature .  Room temperature 
cures were accomplished by dead-loading t h e  f i x t u r e s  t o  a s s u r e  contact  p re s su re .  

Special  procedures were employed f o r  bonding with APCO-1261 polyurethane, 
because t h i s  material is not  suggested as a metal-to-metal adhesive,  and because 
t h e  prepolymer i s  i n  so lven t  s o l u t i o n  and a l s o  hygroscopic.  
suggestions were followed f o r  mixing t h e  prepolymers. 
t he  f8.ying su r faces  of t h e  tes t  specimens by brush coa t ing .  The coated panels were 
immediately placed i n  a vacuum d e s i c c a t o r  and d r i e d  f o r  about 1 hour a t  15" Hg. 
panels were then removed from t h e  d e s i c c a t o r ,  assembled w i t h  .1/211 ove r l ap  i n  t h e  
curing f i x t u r e ,  and placed i n  an autoclave where 100 p s i  i n e r t  atmosphere (ni t rogen)  
was app l i ed  and curir.g accomplished. The r e s u l t i n g  bonds were void-free.  

The manufacturer ' s  
The mixture was a p p l i e d  t o  

Other than following manufacturer 's  recommendations, no o t h e r  means were taken 
t o  opt imize t h e  bonds. 
Table 1 under heading, "Cure." 

Bonding condi t ions f o r  e x i s t i n g  adhesives are l i s t e d  i n  

Because o f  t h e  very high load required to f a i l  t h e  nylon-epoxy bonds, it w a s  
necessary t o  r e i n f o r c e  t h e  gripped en& of  the  specimens. This was done by bonding 
a .064" 7075T6 bare  aluminum doubler,  1" by 9 - 3 / 4 " ,  t o  each s i d e  of  t h e  ends o f  
the specimen surrounding t h e  3/8" pin g r i p  holes  wi th  Metlbond 406, (see Figure 2). 
This,  of  course,  n e c e s s i t a t e d  s p o t t i n g  t h e  holes  through t h e  bonded a r e a  a s  w e l l  
as sawing through t h e  reinforcement.  All o t h e r  adhesive specimens were prepared 
without re i n  f o r  cemen t . 

Tes t ing  i n  t e n s i l e  shea r  a t  -320°F w a s  accomplished on a 20,000-pound capac i ty  

A c r y o s t a t  was b u i l t  around t h e  lower g r i p  and was desfgned t.o s l i d e  up 
T in ius  Olsen t e s t i n g  machine. (See Figure 3.) The specimens were loaded w i t h  p in  
g r i p s .  
2nd down t h e  machine loading rod t o  a l low easy . access  t o  t h e  specimen. The t e s t  
specimens were accordingly posi t ioned i n  t h e  machine, and loca ted  with p ins .  
The c r y o s t a t  containing l i q u i d  n i t rogen  was then moved up so that t h e  bonded 
area was completely immersed in the cryogenic f l u i d .  After approximately 10 
minutes,  t h e  l i q u i d  n i t rogen  ceased b o i l i n g ,  and t h e  specimen w a s  loaded i n  
accordance wi th  MIL-A-5090D. The f a i l i n g  load was recorded and used t o  c a l c u l a t e  
t e n s i l e  shea r  s t r e n g t h .  

T e n s i l e  shea r  t e s t i n g  a t  l i q u i d  hydrogen temperature was performed on a 10,000- 
pound I n s t r o n  t e s t i n g  machine, shown i n  Figures 4, 5 ,  and 6. Hydrogen s t o r a g e  is  
shown i n  Figure 7 .  Loading was i n  accordance w i t h  MTL-A-5090DY and the loading 
was au tomat i ca l ly  recorded. 

Table 2 gives a comprehensive a n a l y s i s  o i  t h e  -320 and -423'F t e n s i l e  s h e a r  
s t r e n g t h  of  t h e  s e l e c t e d  e x i s t i n g  commercial adhesives .  
undoubtedly r e s u l t s  from non-optimized bonding and cu r ing  condi t ions , g l u e l i n e  
thickness  , etc .  

The spread i n  values 

It was concluded t h a t  t h e  low temperature t e n s i l e  shea r  s t r e n g t h s  compared 
favorably with e x i s t i n g  d a t a ,  and pointed to  t h e  s u p e r i o r i t y  of t h e  nylon-epoxy 
adhesives  a t  extremely low temperature.  

11 
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Figure 3 .  Tensile shear specimen about t o  be  tested i n  liquid 
nitrogen. The cryostat w i l l  be raised to immerse 
the specimen, followed by t e s t i n g  to fa i lure .  
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F i g u r e  4. T e n s i l e  s h e a r  and tee 
p e e l  t e s t s  a t  -423°F a r e  performed 
on t h e  I n s t r o n  t e s t i n g  machine i n  
foreground.  Shown are  c r y o s t a t  i n  
p o s i t i o n ,  l i q u i d  hydrogen l e v e l  
c o n t r o l ,  l i q u i d  hydrogen dewar, and 
d e l i v e r y  l i n e .  

F igu re  5 .  C r y o s t a t  removed from i t s  
mounts on I n s t r o n  t e s t i n g  machine, 
showing ha l f -  i nch  over  l a p  bonded 
specimen i n  p a r t i a l  p o s i t i o n  f o r  
t e n s i l e  shea r  t e s t i n g  a t  -423°F. 
Liquid l e v e l  probe i s  immediately 
t o  r i g h t  of specimen, hydrogen 
d e l i v e r y  l i n e  i s  a t  r i g h t ,  and 
purge lFne a t  l e f t .  

F i g u r e  6 .  Console f o r  t h e  I n s t r o n  
t e s t i n g  machine is s e p a r a t e d  by 
p a r t i t i o n  as a s a f e t y  p recau t ion .  
Opera tor  conducts  t h e  t e s t  bv 
viewing machine through a s a f e t y  
window. 

F igu re  7. Outdoor bu lk  s t o r a g e  of  
l i q u i d  hydrogen i n  a t ra i ler ,  
showing manual, v e n t i n g  of gaseous 
hydrogen. Liquid hydrogen i s  
t r a n s f e r r e d  t o  t h e  200- l i t e r  mobi le  
dewar shown i n  F igu re  4 f o r  u se  i n  
t h e  l abora to ry .  

13 
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Adhes ive  and 
Manufacturer* 

Id'nes ion 1 

100 
100 
100 
100 
LOO 
100 
100 
100 

100 
100 
100 
io0 
100 
100 

100 
100 
100 
100 
100 
100 
100 
100 

~ 

Metlbond 406, 
NO PRIME, 
Narmco Materials 
Div., Tele- 
computing Corp. 

Cohesion 

- - 
- 
- 
- 
- 
- - 

- 
* -  

- 
- 

- 
- 

- 
- 
.. 
- 
- 

Metlbond 408 ,  
NO PRIME, 
Narmco Materials 
Div., Tele- 
computing Corp. 

100 
100 
LOO 
100 
100 
100 
100 
100 

TABLE 2 

EXISTING AIj-EZSIVE EVALUATION 

-320 and -423°F Tensile Shear Strength 

- - - 
- 
- 

- 
, -  

Nylon- 
epoxy 

-423 

ii 

1890 
2460 
2076 
1348 

Nylon- 
epoxy 

11 

Glueline 
Thickness 

inches 

.002 
,002 
.003 
,003 
,003 
.003 
002 

a 002 

.003 

.003 
,003 
.002 
,002 
.002 

.001 

.001 

.001 

.001 

.001 

.001 

.001 

.001 

.0015 

.001 

.001 

.001 

.001 

.001 

.001 
-001 

Tensile 
Shear, 

-320 

-423 

5650 
4490 
43 50 
3670 
42 70 
5060 
5400 
5830 

Avg. 4840 
- 

3580 
3744 
3640 
3720 
3996 
4200 

Avg. 3313 
- 

I 

-320 

2970 
4060 
4200 
3850 
4200 
4630 
440 0 
4380 

Avg. 4090 
- 

1740 
Avg. 2004 
- 

I 

(Cont 

i 

3 

* Bonds were cured according to manufacturer's recommendations with no attempt 
to optimize. No prime was used. 
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6200 
5870 
6 100 
63 10 
5 900 
5670 
6150 
5750 

~ Avg. 5990 

~ - 

TABLE 2 (Continued) 

Gluel ine 
Thickness, 

inches 
Adhesive and 
Manuf ac t UT e r  * 

100 
100 
100 
100 
100 
100 
100 
100 

.006 

.008 

.008 
,008 
.008 
.008 
.007 
.006 

AI?- 40, 
NO PRTME, 
Minnesota 
Mining & 
Manuf ac t U r  ing  
co . 

-320 

5 740 
5 900 
5580 

100 
100 
io0 
100 
100 
100 
100 
100 

,005 
,006 
.006 
.006 
,006 
.007 
.007 
.006 

AF- 40,. 
NO PRIME 
E.linnesnt2 
Mining & 
Manufacturing 
co . 

5 100 
6220 -423 I I Nylon- 

epoxy 5280 
6220 
5910 

Avg. 5743  
- 

- 

4430 
46 10 
6020 
4330 
4880 
5260 
5 120 
48 10 

Avg. 5010 

.001 

.001 

.001 
z O n 1  
.001 
.001 
,001 
.001 

100 
100 
100 
io0 
100 
100 
100 
100 

100 
100 
io0 
100 
100 
100 
100 
100 

AF-41, 
NO PRIME 
Minnesota 
Mining & 
Manufacturing 
co . 

- 320 Nylon- 
epoxy 

I I  

3880 
3180 
3060 
3740 
3480 
3520 
3.540 

.002 

.002 

.003 

.002 

.001 
* 002 
.002 
,003 

-423 

(Continued on next page) 

* Bonds were cured according t o  manufacturer 's  recommendations wi th  no at tempt  
to  optimize.  No pr ime was used. 

15 



Adhesive and 
Manufacture* 

_____ ~~ 

Tensile 

psi 
Shear , 

4950 
3260 
6490 
3850 
3840 
5 040 
2980 
4070 

Avg. 4310 

1920 
2780 
2340 
2640 
2260 
1900 
2680 
2260 

Avg. 2347 

- 

- 

FM- 100 
NO PRTME 
B loomingcia l e  
Rubber Co. 

Fa i 
x 

Adhesion 

90 
95 
90 
85 
80 
90 
90 
90 

100 
100 
100 
LOO 
100 
100 
100 
100 

Resin 3135, 
Narinco Netcrials 
Div., Tele- 
computing Corp. 

Type 

I 1  

TABLE 2 (Continued) 

Glue 1 ine 
Thickness, 

inches 

. O O i  

. O O l  

.001 

. O O l  

. O O l  
,001 
.001 
.001 

.002 

.001 

. O O l  

.001 

.001 

.002 

.001 

.002 

.003 

.003 

100 
100 
100 
100 

100 
1 1oc 

Epoxy- 
Poly- 
amide 

I .003 
-003 

.003 

.003 

.004 

.003 

~ 

.003 
003 
.003 
.003 
.004 
,003 

II 

L 

Test 
Tempera- 
ture, O F  

- 320 

-423 

-320 

-423 

1660 
15 80 
15 10 
1400 
1350 
15 44 
1560 
15 14 

Avg. 1514 
7 

100 
100 
100 
100 
100 
100 
100 
100 

1260 
1640 
15 80 
1622 
15 90 
1624 

Avg. 1552 
-- 

sg--1 
:ohesion ~ 

10 
5 

10 
15 
20 
10 
10 
10 

(Continued on next page) 

* Bonds were cured according to manufacturer's recommendations with no attempt 
t o  optimize. No prime was used. 
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TABLE 2 (Continued) 

I1 

I' 

APCO- 1261, 
Applied 
P l a s t i c s  Div., 
Hexcell 
Products Co. 

Adhesive and 
Manufacturer* 

Poly- 
ure- 
thane 

F i l l e d  
Epoxy' 
Poly- 
amide 

ZC- 1933B/A, 
Minnesota 
Mining & 
Manuf ac tur ing  
co . 

Glue 1 i n e  
Thickness , 

inches 

.004 

.004 
,004 
,004 
,004 
,004 
-004 
,004 

,0035 
.003 
.0035 
-003 
.0025 
,0025 

,004 
,004 
,005 
.005 
-003 
.004 
.004 
.005 

Test  
Tempera- 
ture ,  "F 

- 320 

- 423 

- 320 

Tens i le  
Shear, 

P s i  

2040 
1640 
1640 
1740 
1640 
2050 
1700 
1750 - 

Avg. 1775 
-~ 

1680 
1586 
1536 
1640 
17 16 
1736 

Avg. 1649 
- 

2190 
1890 
1980 
1910 
2400 
2350 
1560 
13 10 

Avg. 1940 
- 

Fai 

Adhesion 
x 

100 
100 
100 
100 
100 
100 
100 
100 

100 
100 
100 
100 
100 
100 

40 
40 
50 
50 
60 
90 
80 
50 

* Bonds were cured according t o  manufacturer 's  recommendations with 
at tempt  t o  optimize. yo prime was used. 

-! 

60 
60 
50 
50 
40 
10 
20 
50 

i 
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B. Tee Peel 

The a l l o y  s e l e c t e d  f o r  eva lua t ion  was .020r' 7075T6 bare aluminum. Stock f o r  
bonding was cu t  1" * . O l "  wide and 12" long. Figure 8 i l l u s t r a t e s  t he  specimen 
with 3/8" holes  f o r  g r i p s .  
specimens was used. 
were s e l e c t e d  a s  t h e  f ay ing  s u r f a c e s ,  
wide and 11-1/2" long was in t e rposed  between t h e  faying s u r f a c e s ,  and the bond was 
assembled with t o t a l  ove r l ap  (except f o r  1" unbonded l eng th  a t  g r i p s ) ,  using a 
curing f i x t u r e  made from 1/2" aluminum p l a t e s  with a l i g n i n g  pins  f o r  t h e  1'' edges 
and c a v i t i e s  f o r  6 i nd iv idua l  specimens. 
over each specimen t o  equa l i ze  p re s su re .  No prime was employed, Liquid o r  paste 
adhesives were app l i ed  t o  faying s u r f a c e s  with a s p a t u l a ,  and .004'* s o f t  aluminum 
wire was layed i n  t h e  g l u e l i n e  t o  c o n t r o l  thickness .  
out  t h e  program, except where it  is otherwise noted. 

The same s u r f a c e  preparat ion used f o r  the tens i le  s h e a r  
The nonrol led,  square,  deburred, and sharp s i d e s  of t hese  s t r i p s  

A s t r i p  of adhesive approximately 1-1/2" 

Alpha c e l l u l o s e  paper was used under and 

This  design was used through- 

The bond assembly was p r e s s  cured i n  t h e  same manner a8 the t e n s i l e  s h e s i  1 :  
specimens. 
A t  this point  the curing fixture was replaced by an autoclave t o  supply the required 
i n e r t  atmosphere. 

The s p e c i a l  procedures for bonding wi th  APCO-1261- were again employed, 

The on ly  method employed t o  optimize tee pee l  bonds was the method suggested 
by t h e  manufacturer ' s  recommendations. 
under t h e  heading, 3'Cure." Room temperature cures  were accomplished by dead- 
loading the  f ix tures  t o  a s s u r e  con tac t  pressure.  

Bonding procedures a r e  l i s t e d  i n  Table 1 

s 
Reinforcement 2f t h e  g r ipp ing  ends of  t h e  specimens w a s  not  necessary.  

i n  tee peel  a t  -320 E w a s  accomplished on the  same machine and wi th  t h e  same cryo- 
s t a t  used for t e n s i l e  s h e a r  (see Figure 9) .  The specimens were c u t  i n  lengths  t o  
s u i t  t h e  c r y o s t a t  and t o  keep t h e  specimen immersed i n  t h e  cryogznic media. This 
l e f t  about 2-1/2 bcnded l eng th  f o r  peel ing,  o r  about 4" machine head t r a v e l .  The 
specimen was loaded a t  a head t r a v e l  of 2" p e r  minute, causing a specimen sepa ra t ion  
of 1" per minute.  
with t h e  average load expressed as pounds o f  t e e  peel  p e r  inch of width. 

Tes t ing  

I An automatic  autograph of  t he .  load was made during t h e  test ,  
~ 

Table 3 gives  a comprehensive a n a l y s i s  of r e s u l t s  of t he  -320 and -423'F tee 
peel s t r e n g t h  of t h e  s e l e c t e d  e x i s t i n g  commercial adhesives.  Again, t h e  spread 
i n  values is probably t h e  r e s u l t  of  nonoptimized condi t ions of cure ,  g l u e l i n e  
th i ckness ,  etc.  To our  knowledge, t h i s  is t h e  f i r s t  reported t e e  p e e l  da t a  a t  
extreme1.y low tempersture ,  a t  l e a s t  f o r  t h e  s p e c i f i c  adhesives tested. Again, 
the s u p e r i o r i t y  of  t h e  nylon-epoxy adhesives is emphasized. 

.. 

I C .  Mechanical Shock 

The a l l o y  s e l e c t e d  f o r  nechanical  shock t e s t i n g  was a l s o  7075316 bare  aluminum 
a l l o y .  The specimen conf igu ra t ion  i s  shown i n  Figure 10. A s p e c i a l  f i x t u r e  was 
b u i l t  for  p o s i t i o n i n g  P a r t  A and P a r t  B of t h e  specimen during t h e  adhesive bonding 
ope ra t ion .  
inch. 
s u l f u r i c  a c i d  e t ch .  
s h e a r  and tee peel specimen preparat ion.  

The t o t a l  bonded a r e a  of  a combined set  of  specimens was 0.500 square 
Surface p repa ra t ion  p r i o r  t o  bonding WE~S t h e  s tandard sodium dichromate 

Curing was accomplished under condi t ions i d e n t i c a l  t o  t e n s i l e  

18 
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- 2" for -423OF 
cut 

Bend on ~ I I  t o  

o f f  
reqiired 

k $  . , > ?  

Figure 8 .  Specimen design for  tee  peel t e s t s .  
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F i g u r e  9. A Tee p e e l  specimen has jilst been € a i l e d  a t  l i q u i d  
nitrogen temperature and the  c r y o s t a t  i s  b e i n g  
lovered t o  allow specimen removal and replacement .  

20 
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TABLE 3 

EXISTING ADHESIVE EVALUATION 

-320 and -423°F Tee Peel Strength 

40 I 6o Lw -- 100 

I .  

-- 
-- -- 
u- -- -- 
-- -- -- 
40 
40 
40 
40 
40 
40 

Adhesive and . 
5anuf actur er* 

10 0 
100 
100 
100 
100 
100 

100 
100 
100 

60 
60 
60 
60 
60 
60  

getlbond 406, I 

AF- 40, 
NO PRIME, 
Minn es o t a 
Mining & 
Manufacturing 
co . 

Nylon- 
epoxy I NO PRIME, 

Narmco Materials 
Div., Tele- 

Nylon- 
epoxy 

I computing Corp. 

15.0 
Avg. 13.0 

5.0 

I 11 

-- 100 

-- 100 

Metlbond 608, I 

0-41, 
NO PRIME, 
Minnesota 
Mining & 
Manufacturing 
co . 

Nylon- 
epoxy I NO PRIME, 

Narmco Materials 
Div., Tele- 

Nylon- 
epoxy 

I computing Corp. 

I 

II I I' 1 

Glue line 
Chickness , 
inches 

,004 
.004 
.004 
.004 
.004 
.004 

.004 

.004 

.004 

,003 
.005 
.005 
.005 
.004 
.004 

a 005 

.008 

.008 

.008 

.008 

.OlO 

.010 

. 0 10 

,005 
.005 
.005 
.005 
.005 
,005 

Test 
Cemper a- 
ture, OF 

-320 

-423 

- 320 

-423 

- 320 

-423 

-320 

21 

Tee Peel, 
lbs/ 1" 

8.0 
11.5 
8.0 
7.5 
9.0 
6.0 

9.0 
9.0 
6.5 

4.0 
4.0 
4.0 
4.0 
4.0 
6 .0  

- 
Avg. 8 .33  

Avg.8.2 

Avg.4.3 
Only one 
specimen 

tested 
11.0 
12.5 
10.5 

Failure 

7.0 -- 100 
6.0 1 1: 1 100 
5 .0  100 

(Continued on next page) 
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TABLE 3 (Continued) 

I I 1 I 1 1 
Adhesive and 
Manufacturer* 

Gluel ine Thickness, Tempera- ‘est Tee Peel ,  1- 
inches tu re ,  O F  Ib ” Adhesion 

Type 

AF-41, 
NO PRIME, 
Minne so ta 
Mining ti 
Mnuf ac t u r  ing 

NO PRIME, 
Bloomingdale 
Rubber Co. 

Nylon- .005 -423 5 . 0  
epoxy 

4.0 
Avg. 4.2 

.GO5 3.5 -- 

.005 -- - 
F a i l e d  P r i o r  t o  Test 

Nylon- - 320 
epoxy .003 3.5 

.003 3.0 -- 

.003 -- 3.0 
Avg. 3.1 
- 

Only 1 specimen 
I1 

Resin 3135, 
Narmco 

Div., Tele- 
computing Corp. 

Materia Is 

11 .003 -423 . 5.5 I t e s t e d  

.004 Zero (would not-- 
Epoxy- ,005 s u s t a i n  load) -- 
amide .005 

.005 
,005 

-- I 1  

11 

I1 

I1  

Poly- .005 -320 -- -- 
-- - 

Avg. Zero 
only  1 specimen 

I I I I 2.251- 20 
.004 3.0 I -- 

11 11 

F i l l e d  
EPOXY- 
PO ly- 
amide 

EC- 1933SiA, 
Minnesota 
Mining & 
Manufacturing 
co. 

11 I 11 

,005 -423 0 25 
: no4 1.75 30 
.004 1.75 15 
.004 - 320 2.5 5 
.004 1.0 40 

1.5 -- .004 

.005 -423 Only 1 specimen 

- 
Avg. 1.70 

APCO- 1261, 
App 1 ied  
P l a s t i c s  Div., 
Hexc e 1 

I Products Co. 

.004 
Poly- .004 -320 
u r  e- .004 
thane .004 

I *Oo4 I 

4.0 
3.0 
5.0 
2.5 

Avg. 3.33 I 

10 
10 
10 
10 

ur  e 

Cohesion 
% 

- - 
100 
100 
100 

-- 
100 
100 
100 
100 
100 

100 

100 
100 
100 
100 
10 0 
100 

:ested 

+I 
85 I 
100 E I 

3o I 
* Bonds were cured according t o  manufacturer’s recommendations wi th  

at tempt  t o  optimize. No prime was used. 

I 

I 

i 

, 

3 
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(4) %I' D r i l l  Hol 
Located from 
Common Locating r- 1.50-7 

1 ,500" 1: -I 

SPECIMEN A 
Two Req'd I 

.064" 7 0 75T 6 
Bare Plate Stock 

L 

.2 50" 5 / 16" D r i l l  - +I' x 3/41! 
7075T6 Bare Bar Stock 

-37511 + J O ~ I I  This f a c i n  

para1 IC 1 .500" 

f o r  bonding 

Two Req'd 

e- 

F i g u r e  10. Specimen des ign  f o r  mechanical shock tes t s ,  
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The basic  machine employed f o r  t e s t i n g ,  exclusive of instrumentation, was 
the Avco SM-005-1 Shock Teclt Machine. Figure 11 shows the shock assembly. Modi- 
f ica t ions  to  the machine involved cryostat ing it for  operation a t  temperatures 
down t o  -423'F. 
which is driven downward by a i r  pressure,  against  a deceleration device. 
a t ion  device6 could include lead shot o r  rubber pads,depending upon the  shock 
wave shape desired.  
of the specimen and car r iage  (28.0 pounds), t h i s  un i t ' s  veloci ty  (drop height was 
8"),and the mater ia l  and configuration of the deceleration device. 
the decelerat ion device was set on rubber pads designed t o  give a half-s ine shock 
pulse wave of about 6 milliseconds durat ion.  
which i t  was mounted are shown i n  Figures 12 and 1 3 .  

Shock pulses were obtained by the  impact of the carr iage assembly, 
Deceler- 

Generation of ahock pulse forms was dependent upon the weight 

For these t e s t s  

The specimen and f i x t u r e  t o  

The instrumentation used included an Endevco Model 2215 accelerometer, an 
EndevzG Model 2508 cathode follower, and a Tektronix Type 543 oscil loscope equipped 
with a Polaroid camera. The accelerometer and cathode follower were ca l ibra ted  as 
a system by the Endevco Corporation. 
a know peak mi l l i vo l t  output per peak l lG1l. The osci l loscope w a s  ca l ibra ted ,  with 
the aid of a Hewlett Packard Model 200 AB o s c i l l a t o r  and Hewlett Packard Model 400 D 
vacuum tube voltmeter,  f o r  a know peak m i l l i v o l t  reading corresponding t o  the 
accelerometer output a t  the required l'GI1 l eve l .  The oscil loscope had a ca l ibra ted  
t i m e  base which permitted accurate measurement of the shock pulse duration. 
microswitch w a s  used t o  t r i g g e r  t he  osci l loscope a t  the proper t i m e  t o  record the 

The r e s u l t  of t h i s  ca l ibra t ion  establ ished 

A 

shock pulse on f i l m  (see Figure 14). 
1 

I 

Before ac tua l  t e s t i n g ,  a great  deal of e f f o r t  was required fo r  ins t ru-  
mentation and ca l ibra t ion .  Many adhesive bonded specimens, including strong and 
weaker systems, were f i n a l l y  required t o  bring the test t o  the point where ac tua l  
evaluation w a s  consideted j u s t i f i e d .  

It w a s  i n i t i a l l y  intended tha t  a set of specimens would be shocked s i x  times 
a t  a 20-G l e v e l  a t  -423'F, followed by removal and replacement of the specimen i f  
i t  had not f a i l ed ,  then reca l ibra t ing  and repeating the procedure a t  a 3 5 ,  65, 
and 100-G l e v e i ,  o r  u n t i l  f a i l u r e  of the  adhesive bonded specimens w a s  a t ta ined .  
By t h i s  procedure a "Go" or "No Go" evaluhtion of  each ex is t ing  adhesive could be 
obtained. This procedure was followed f o r  one of t h e  nylon-epoxy ex is t ing  adhe- 
s ives  and was carr ied through the 3 5 - 6  level. No f a i l u r e  resul ted.  . A t  t h i s  
point it was evident t h a t  t e s t ing  time and l iqu id  hydrogen consumption would be 
excessive,with no assurance t h a t  the "Go" o r  "No Go" evaluation determined by speci  
men f a i l u r e  could be gained. It was a l s o  f e l t  t h a t  t h i s  test might not be s u f f i -  
c i en t ly  severe. 

In  order t o  increase the  sever i ty  of the  test  and reduce the t e s t ing  time 
and consumption of  l i q u i d  hydrogen, i t  was decided to  change from a l lpara l le l f l  
shock t o  a l lser ies l l  shock procedure. The " ~ 0 ~ ~  or  "No Go" procedure was s t i l l  sought. 
A set of specimens bonded with the nylon-epoxy adhesive Metlbond 406 was inser ted  
i n  the f i x t u r e  and cooled t o  -423°F. The instrumentation was ca l ibra ted  and a 
35-G shock load appli-ed twice. 
mentation recalibrated,and a 65 G shock load applied once. 
were retained i n  place, and the instrumentation recal ibrated,  and a 100-G shock load 
applied s i x  times. As shown in  T a b l e  4 ,  f a i l u r e  d id  not occur. 

The S F E C ~ ~ I I C ~ S  were retained i n  place,  the  instru-  
Again, the  specimens 
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Figure  12. Avcc sht>ck machine shown F i g u r e  13. The c o n s o l e  f o r  the  AVCO 
wi th  c ryos ta t :  assembled, bu t  with-  shock machine i s  a l s o  s e p a r a t e d  by 
out l i q u i d  hydrogen d e l i v e r y  l i n e  p a r t i t i o n  as a s a f e t y  p recau t ion .  
and purge l i n e  a t t a c h e d .  O s c i l l o -  . The o p e r a t o r  conducts  t h e  tes t  by 
scope  is shown a t  r i g h t .  A h igh  v iewing  t h e  machine through a 
speed camera for c a l i b r a t i o n  safety window. 
photographs t h e  shock wave impact.  3 

F i g u r e  14. Wave form a t  l e f t  is a c a l i b r a t i o n  cu rve  f o r  100 G 
shock tes t .  The u n i t s  on t h e  v e r t i c a l  scale r e p r e s e n t  m i l l i v o l t  
ou tpu t  of a combined acce lerometer -ca thode  fo l lower  c a l i b r a t e d  
t o  a known G l e v e l .  Wave form a t  t h e  r i g h t  is  an a c t u a l  100 G 
shock wave on a n  adhes ive  bonded specimen (Metlbond 406) .  The 
u n i t s  on the h o r i z o n t a l  scale r e p r e s e n t  t i m e  d u r a t i o a  of shock;  
t h e  l a r g e s t  u n i t  ( 1  c e n t i m e t e r )  i s  2 mil l i s econds .  
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Adhesive and 
ganuf a c t u r  e r  

Met lbond 406, 
NO PRIME, 
Narmco 
Materia 1s 
Div., Tele- 
computing 
Corp. 

~~ 

Number 
of 

Shocks 

Resin 3135, 
Narmco 
Materia Is 
Div., Tele- 
computing 
Corp. 

"GOfl A i r  

p s i  "NO GO" 
P re s su re ,  or  

TABLE 4 

EXISTING ADHESIVE EVALUATION 

-423'F Kechanical Shock T e s t s  
("Series" Procedure) 

9 

1 

3 
4 
5 

L 

- 

Type 
Glue l ine .  
Thickness, 

inches 

51 GO 

20 CO 
20 GO 
35 GO 
35 GO 
51 NO GO - 

Wave 
Shape 

Wylon- 

.003 
epoxy , 

Half- 
s i n e  

I 1  

I 1  

I 1  

11 

11 

11 

11 

Epoxy- 

amide 
Poly- 

Half- 
s i n e  

I 1  

11 

I I  

I 

Duration 
a t  

Chas s i s ,  
m i l l  isec . 

-- 
5.2 
4 . 6  
4.6 
4.6 
4.6 
4.6 
4.6 
5 . 2  

Calib- 
r a t i o n  

G 
Lev e 1 

35 
35 
65 
100 
100 
100 
100 
100 
100 

35 
35 
65 
65 
100 

- 

1 
2 
3 
4 
5 
6 
7 
8 

10 
20 
35 
50 
54 
54 
5 1  
51 

GO 
GO 
GO 
GO 
GO 
GO 
GO 
GO 

.* "GO1'-- No adhesive f a i l u r e ;  "NO GO" -- Adhesive f a i l u r e .  
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The next s t e p  i n  "ser ies"  shocking was to  s e l e c t  t he  e x i s t i n g  adhesive 
thought t o  have the least  shock r e s i s t ance  (Resin 3135) .  As before,  t h e  s e t  o f  
specimens were shocked twice a t  a 35-6  l e v e l ,  twice a t  a 65-G l e v e l ,  and followed 
by two  chocks a t  a 100-G l e v e l .  In t h i s  attempt,  t rouble  was experienced w i t h  
the  scope i n  addi t ion t o  malfunction of the device ind ica t ing  f a i l u r e  of the 
specimen. Fa i lu re  was thought ot have occurred on the  f i f t h  s 'eries shock. (See 
Table 4 ) .  

A t  t h i s  point it was concluded t h a t  t h e  t e s t  was s t i l l  not s u f f i c i e n t l y  
severe and t h a t  fail .ure o f  even the weakest of adhesives was occurring a t  t o  high 
a G l e v e l .  It. was a l s o  concluded t h a t  the tes t  was s t i l l  not s u f f i c i e n t l y  re- 
l i a b l e  t o  y i e l d  representat ive data.  

Because somewhat e r r a t i c  data were co l l ec t ed  i n  the above shock t e s t i n g  a t  very 
low temperature,  it was decided t o  t e s t  t h e  r e l i a b i l i t y  and r ep roduc ib i l i t y  o f  the 
tes t  a t  ambient temperature. It was an t i c ipa t ed  t h a t  t h i s  r e l i a b i l i t y  and re- 

~ .- produc ib i l i t y  would be inherent i n  the test  and c a r r i e d  over t o  very low temperature. 

The fnstrongerfq and "weakerf1 adhesives se l ec t ed  for t h i s  study were Metlbond 
406 and Resin 3135/7111. 
406 proved t o  be the mcre shock-resis tant  adhesive. 
was ev iden t ,  and although the test  could be reproduced exac t ly ,  it was concluded 
t h a t  s c a t t e r  was inherent  in  the  specimen. With t h e  0.500 r g m r e  inch bonded area 
involved i n  the specimen design, it was believed t h a t  a 14G08' o r  "No Go" test  a f t e r  
6 shocks could be a t t a i n e d  a t  very low temperature (-423%') because the shock re- 
s i s t a n c e  would be d r a s t i c a l l y  lowered from t h a t  a t  room temperature. 

The room temperature data  are shown i n  Table 5 .  Metlbond 
Considerable s c a t t e r  i n  data 

3 

Mechanical shock tes ts  on t h e  developed adhesives a r e  covered i n  Section XXII/ 
Results of  mechanical shock tests a t  extremely low temperature were not considered 
completely s a t  i s  factory . 

D. Thermal Shock 

l n i % i a l l y ,  it was thought t h a t  thermal shock night  cai.ise premature f a i l u r e  of 
the specimen designs i n  t h i s  work. Tens i l e  shear specimens of each of the ex i sc ing  
adhesives se l ec t ed  were quenched from room temperature d i r e c t l y  i n  l i qu id  ni t rogen.  
They were soaked €or 10 minutes, and subsequently withdrawn and returned to  ambient 
temperature. None of the bonds separated.  A microscopic inspect ion of the f l a s h  
a rea  of each bond S O  t r e a t e d  did not reveal  crazing o r  cracking. The drop i n  t e n s i l e  
shea r  s t r e n g t h  from -320 t o  423'F could ind ica t e  an increase i n  thermal s t r e s s e s ,  as 
w e l l  as  t he  expected embrittlement of t he  adhesive. 

F ros t  (1) has already demonstrated t h a t  low temperature s t r eng th  i s  not 
necessa r i ly  r e l a t ed  t o  co l l i ng  r a t e  i n  a r r i v i n g  a t  a temperature of -320°F. 

It was oncluded t h a t  thermal shock d i d  not cause no t i ceab le  damage i n  
quenching from ambient t o  l i q u i d  nitrogen and hydrogen temperatures,  a t  l e a s t  f o r  
the specimen designs considered here.  
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Specimen Number 
and Adhesive 

1. Resin 3135/7111 

2. Resin 3135/7111 

3. Resin 3135/7111 

4. Resin 3135/7111 

Resin 3135/7111 

5. Metlboiil 406 
Metlbond 406 

6. Metlbond 406 
Metlbond 406 

7 .  Metlbond 406 
Meclbond 406 
Metlbond 406 
Metlbond 406 
Metlbond 406 

8 .  Metlbond 406 
Metlbond 406 
Metlbond 406 
Metlbond 406 

TABLE: 5 

MECHANICAL SHOCK TESTS FOR 
EXISTING AND NEWLY DEVEWPBD ADHESIVES 

(Tested at  RT t o  show r e p r o d u c i b i l i t y )  

Cur e 

6 days 
RT 

3 days 
RT 

3 days 
RT 

3 days 
RT 

3 days 
RT 

15 Min.@ 
350°F 

350°F 
350DF 

350°F 
350°F  
350°F 
350°F 
35OOF 

350°F 
350°F 
350°F 
350°F 

- 
G 

Level 

100 

100 

100 

100 

195 

100 
200 

100 
200 

100 
125 
150 
175 
180 

100 
13 7 
162 
200 

Wave 
Shape 

1/2 Sine 

1 /2  Sine 

1/2 Sine 

1 /2  Sine 

1/2 Sine 

1 / 2  Sine 
1/2 Sine 

1/2 Sine 
1 / 2  Sine 

1 /2  Sine 
1/2 Sine 
1/2 Sine 
1/2 Sine 
1/2 Sine 

1/2 Sine 
L/2 Sine 
1/2 Sine 
1/2 Sine 

hrat  ion, 
m i 1  1 i- 
$ec ond s 

6 

6 

6 

6 

3 
6 
3 

6 
3 

6 - 
- 
- 
3 

6 - 
- 
3 

- 
A i r  

'ress. 
psi 

S.0 

42 

43 

-- 
-- 
44 
90 
44 
90 

44 -- -- 
-- 
90 
44 - -  -- 
94 - 

Number of RT 
Shocks 

25-(Fai l u re )  

48 (Fai lure)  

154 (Fa i lu re  

505 (No F a i l u r e  

14(Fai lure)  

200 (No F a i l u r e )  
4 (Fai lure)  

200 (No F a i l u r e )  
3 (Fa i lu re )  

200 (No F a i l u r e )  
1 (No F a i l u r e )  
1. (No Fa i lu re )  
1(No F a i l u r e )  
1 (No F a i l u r e )  

200 (No F a i l u r e )  
1 (No Fa i lu re )  
1 (No Fa i lu re )  
1 (No Fa i lu re )  
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3 
E .  Coeff ic ient  of Linear Thermal Expansion 

It was i n i t i a l l y  concluded t h a t  the thermal expansion, o r  shrinkage, of 
adhesives might be direct1.y o r  i n d i r e c t l y  r e l a t e d  t o  such physical p rope r t i e s  
a s  t ens i le  shear  o r  peel s t r e n g t h .  Consequently, it w a s  decided t o  c o l l e c t  cryo- 
genic expansion da ta  f o r  the e x i s t i n g  adhesives and t o  analyze i t .  

Specin:ens were prepared from the adhesives by using curing times and tempera- 
t u re s  i d e n t i c a l  with those used f o r  preparing t e n s i l e  shear  and t e e  peel spec i -  
mens. It was assumed t h a t  this would make t he  data  easier t o  c o r r e l a t e .  The 
l'conditioning" ca l l ed  for i n  t he  ASTM D696-42T procedure was eliminated. In  
general ,  t he  f i lm  type adhesives were molded under a polyvinyl alcohol diaphragm 
i n  an autoclave a t  50 p s i .  The p a s t e  type adhesives were c e n t r i f u g a l l y  c a s t  i n  
a centr i fuge.  Specimens o f  f i lm  adhesives were machined to  a 0.4" square cross  
sec t ion  by 2'' lengc'n. 
by 2" length.  

Tile pas t e  ma te r i a l s  were machined t o  a maxima 0.4" OD 
Eonding of s t e e l  trcaps" t o  t h e  end extremeties of t he  specimens 

i was not accomplished. 

The apparatus consisted cf a #60275 Tinius-Vlsen quartz  tube di la tQmeter  
with t h e  d i a l  i n d i c a t o r  measuring t o  one ten-thousandth on an inch (see Figure 15). 
The ou t s ide  tube of t he  d i l a tome te r  was placed i n  the bottom of  a g l a s s  reservoir 
2" I D  by 4" high,which w a s  i n  t u rn  placed i n  a standard 50Cbmil l i l i ter  Pyrex 
beaker. The fused j m c t i o n  of a f i n e  wire iron-Constantan thermocouple was taped 
t o  the  s i d e  of  t he  specimen 1" from the  end with two l aye r s  of f i rmly wrapped 
masking tape.  The specimen with thermocouple a t tached was then i n s e r t e d  i n t o  the 
di la tometer  tube ,  the i n t e r n a l  pushrod i n s e r t e d ,  and the t i p  of  the d i a l  gage 
engaged with the  pushrod. 
and i n s e r t i n g  i n  crushed ice (+32'F). The copper leads were i n  tu rn  connected 
t o  a 88691 Leeds Northrup m i l l i v o l t  potentiometer. 

The reference junct ion was made by fusing t o  copper 

The di la tometer  d i a l  w a s  adjusted t o  cero. The 2" Ill g las s  r e s e r v o i r  was 
the11 f i l l e d  with l i q u i d  n i t rogen ,  illr def l ec t ion  of t h e  d i a l  gage being noted a s  
the specimen contracted.  
of 1-1/2" from the top  of  t h e  g l a s s  r e se rvo i r  <1/2 l@ r.ver the end of the speci-  
men). 
de f l ec t ion  o r  galvanometer d e f l e c t i o n  within a f i f t een .  minute period. 
i nd ica to r  was then r e s e t  t o  zero and t h e  potentiometer read and both recorded. 
After  t h e  liqui! ni t rogen had boi led away, the temperature was monitored care- 
f u l l y  u n t i l  +32 P was reached. At this point the r e se rvo i r  was f i l l e d  with 
chopped ice. Equilibrium was again a t t a i n e d  and the d i a l  and potentiometer 
readings recorded as before .  The time l apse  per t e s t  was approximately 2-1/2 
hours. 
coe f f i c i en t  of l i n e a r  thermal expansion was ca l cu ia t ed  as follows: 

The l i q u i d  ni t rogen l e v e l  was maintained a t  a heighth 

Equilibrium was accepted when the re  was no not iceable  change i n  di la tometer  
The d i a l  

The sample l eng th  was a r b i t r a r i l y  recorded a t  room temperature. The 

Coeff ic ient  o f  Linear  

Thermal Expansion (-320 t o  +32"F)= Lo (75°F) dT 
dL - ..i in/in/ 'F 

where dL = Change i n  length over the specifie.d temperature range, inches.  
I,, = 
dT = Temperatare range, OF. 

l eng th  of the specimen measured a t  75"F, inches.  
\ 
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Figure  15. T e s t  s e t u p  f o r  measuring t h e  c o e f f i c i e n t  of  l inear  
thermal  expansion over  t h e  tempera ture  range f rom 
.132 t o  -320°F. Inc luded  a re  q u a r t z  tube d i l a t o m e t e r ,  
m i l l i v o l t  po ten t iome te r ,  and r e f e r e n c e  j u n c t i o n .  
I n i t i a l  s t u d i e s  employed a n  i ron-Cons tan tan  thermo- 
couple ,  which was l a t e r  changed t o  copper-Constantan 
f o r  g r e a t e r  r e l i a b i l i t y .  Adhesive specinlens a r e  
shown i n  foreground.  
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The above measurements and calculat ions obviously consider t h a t  the ex- 
pansion is l inear  over the specif ied temperature range, and as a r e s u l t  the 
expressed coef f ic ien t  of l inear  thermal expansion is an average over the tem- 
perature  range. Actually, the expansion is not qu i t e  l i nea r  wer the -320OF 
temperature range. 
instantaneous point i t  is almost impossible t o  a t t a i n  equilibrium conditions 
as the temperature rises o r  f a l l s .  
heat  r i s e  or  f a l l  with respect t o  t i m e  over such a wide range because of the  
nonoverlapping boi l ing  points  of avai lable  cryogenic f lu ids .  Transi t ion 
points  a l s o  account f o r  non-linearity.  In  f a c t ,  a hysteresis  is observed 
between the  temperature range, depending upon whether instantaneous da ta  a r e  
co l lec ted  when the specimen i s  being warmed or cooled. 
thermal t r ans fe r  e r ro r s  influence the r e s u l t s  when nan- equilibrium conditions 
ex i s t .  

This i s  probably due t o  the f a c t  t h a t  a t  any 

It is  not possible t o  maintain a l i nea r  

Apparently d i f f e r e n t i a l  

Table 6 gives the  coe f f i c i en t s  of l inear  thermal expansion f o r  two separate  
specimens of each ex i s t ing  adhesive. The mean deviat ion 1s a l s o  calculated.  A s  
explained above, the data are presented as an average over the temperature range 
specif  fed.' 

. ConsiderabLe e f f o r t  has been made to  co r re l a t e  these data  with physical 
propert ies  such as ' t e n s i l e  shear and peel s t rength.  NO sa t i s f ac to ry  cor re la t ion  has 
been found a t  the present time. It is in te res t ing  to  note t h a t  the coe f f i c i en t  
for  Metlbond 408 is grea ter  than tha t  for Metlbond 406. 
The composition fo r  these mater ia ls  is represented schematically as follows: 

This was qu i t e  unexpected. 

Adhesive X Nylon % Epoxy 

Metlbond 406 High L O W  
Metlbond 408 Lower Higher 

With Nylon having a higher coef f ic ien t  of expansion than epoxy r e s i n s  (2), it  
is  normally expected t h a t  the  coef f ic ien t  for  metlbond 406 w i l l  be higher than 
t h a t  f o r  Metlbond 408. Other f ac to r s ,  such as,  c r y s t a l l i n i t y ,  degree of 
cure, adhesive processing methods, e t c . ,  can influence t h i s .  Further treatment of 
expansion is given i n  Section X I .  

V.  INITIAL STUDY OF METAL SURFACE TREATMENTS FOR ADHESIVE BONDING AT EXTREMELY 
LOW TEMPERATURE 

It is a well  es tabl ished f a c t  t h a t  the surface treatment t o  which adherend 
materials a r e  subjected p r io r  t o  adhesive bonding grea t ly  influences the s t rength  
of the bonded assembly. 
optimum surface treatment fo r  each of the rnetals,which would demonstrate good 
adhesion and toughness f o r  appl ica t ion  i n  the cryogenic environment. Obviously, 
a surface treatment f o r  a par t i cu la r  metal could show optimum bonding character-  
i s t i c s  a t  ambient or  elevated temperature, but might become too b r i t t l e  or have 
too high a modulus f o r  optimum bonding a t  cryogenic temperatures. 

It was ant ic ipated t h a t  there  probably would be an 
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TABLE 6 

Metlbond 406 

Resin 3135 

FM- 1000 

AI'-41 

EC- 1933B/A 

COEFFICIENT OF LINEAR THERMAL EXPANSION 
DEVELOPED FOR MISTING ADHESIVKS AT CRYOGENIC TEMPERATURES 

3.15 2 . 9 8  3.06  * 5.55 

3.22 3 .21  3 .21  0.31 

2 . 9 1  2.85 2 . 8 8  2.08 

2.84  2 . 7 4  2 . 7 9  3.59 

2 .38  2 . 1 9  2 .28  8 . 3 3  

* Deviation from arithmet'x mean. 
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2 
Two adhererrde were s e l e c t e d  f o r  t h i s  study: 7075116 bare  aluminum a l l o y  and 

17 - 7 PH s t a i n l e s s  steel. Treatments f o r  the  former consis ted of t h e  following: 
methyl e t h y l  ketone degrease,  sandblast ,  standard FPL sodium dichromate s u l f u r i c  
a c i d  e t c h ,  Alodine, and anodize. TreatrnentR f o r  t h e  la t ter  consis ted of the 
following: methyl e t h y l  ketone degrease , sandblast ,  phosphate, hydrogen 
peroxide, and Prcbond 700. 

Metlbond 406 (nylon epoxy fi lm) was t h e  adhesive s e l e c t e d  for evaluat ion 
Tens i le  shear  data  were co l lec ted  a t  +260°F, 

The manufacturer 's  recommendations f o r  bonding were followed 
aga ins t  eachosurface t reatment .  
RT, and -320 F. 
without a t tempts  t o  optimize.  

Table 7 presents  t h e  data  c o l l e c t e d  i n  t h i s  study. Although the anodize 
sur face  treatment f o r  7075T6 bare  aluminum yielded t h e  b e s t  bonding sur face  a t  
-320°F of those s t u d i e d ,  t h e  sandblast  treatment is the most p r a c t i c a l  from 
t h e  s tandpoin t  of ease of preparat ion and i t  is the  c l o s e s t  equivalent.  The hydro- 
gen peroxide sur face  treatment yielded t h e  b e s t  sur face  treatment a t  -320'F of 
those s t u d i e d  f o r  17 - 7 PH s t a i n l e s s  s teel ,  but,cthe sandblas t  sur face  aga in  
is more p r a c t i c a l  and a very cloae equivalent .  Surface treatment s t u d i e s  a r e  
descr ibed furthel: i n  Sect ion XX. 

Phosphate Treatment - Mythyl e t h y l  ketone degrease.  
Water r i n s e .  

Ajax scrub.  
Immerse 2 minutes i n  following s o l u t i o n  a t  9 0 ' ~ :  

280 m l .  hydrochlor ic  a c i d  (35%) 
30 m l .  phosphoric acid (85-87%) 
16  ml. hydrof luor ic  a c i d  (48%) 

Follow with t a p  water r i n s e ,  d i s t i l l e d  water r i n s e ,  and oven dry a t  180°F. 
Hydrogen Peroxide Treatment - Methyl e t h y l  ketone degrease.  ' 
Immerse 10 minutes i n  following s o l u t i o n  a t  150°F: 

100 gms, hydrochlor ic  acid (35%) 
4 gms. hydrogen peroxide (30%) 

20 gms. formalin (40%) 
90 gms. d i s t i l l e d  water.  

Follow with t a p  water r i n s e  and d i s t i l l e d  water r i n s e .  
Etch 5-10 minutes at 140-160°F i n  following so lu t ion :  

A i r  dry. 

100 gms. s u l f u r i c  a c i d  (98%) 
10 gms. sodium dichromate 
30 gms. d i s t i l l e d  water 

Repeat r i n s e  and drying procedures immediately above. 

VI. PROCESSING STUDIES FOR NYLON-EPOXY ADHESIVE COMPOSITIONS 

There a r e  s e v e r a l  means f o r  combining the  nylon and epoxy cons t i tuents  .of an 
adhesive such as  Metlbond 406; namely, dry mixing on a rubber m i l l ,  c a s t i n g  from 
s o l u t i o n  o r  d i spers ion ,  mixing from g e l l e d  s o l u t i o n s  o r  dispers ions on a rubber 
m i l l ,  or mixing i n  a fused s t a t e  on a hot rubber m i l l .  

.-I 

These four  processes were appl ied t o  t h e  Metlbond 406 nylon-epoxy adhesive 
formulation and t h e  r e s u l t a n t  adhesive 
overlap j o i n t s  with .064" 7075T6 bare aluminum adherends. 
s i l e  shear  s t r e n g t h s  of t h e  bonds were s tudied .  

f i lms were used f o r  the preparat ion of 1/2It 1 
The -320°F and RT ten-  
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Table 8 shows that t h e  processing method d e f i n i t e l y  inf luences the  low tempera- 
t u r e  s t r e n g t h  o f  t h e  adhesive,  
( s o l u t i o n  mixing, calendering) appear 
ing on a rubber m i l l ,  and c a s t i n g  from s o l u t i o n  o r  d i spe r s ion  are almost equivalent  
and f a l l  next  i n  l i n e .  

Cold mixing from g e l l e d  s o l u t i o n s  o r  d i spe r s ions  
p re fe r r ed  €or alL tes t  condi t ions.  Dry mix- 

V I I .  COMPARISON OF EPOAT WITE OTHER RESIN SYSTEMS As REINFORCING AGENTS FOR 
NYLON-BASED ADHESIVES FOR APPLICATION AT VERY LOW TEMPERATURE 

Although the nylon-epoxy systems have pe r fomed  exceedingly well as s t r u c t u r a l  
adhesives a t  very low temperature,  it was fe l t  t h a t  o t h e r  r e s i n  sys tems (phenolic,  
a c r y l i c ,  p o l y e s t e r ,  and polyurethane) should be evaluated as r e i n f o r c i n g  agents  
f o r  nylon. The u l t i m a t e  goal vas a r e s i n  system t h a t  might perform more advan- 
tageously a t  low temperature than epoxy r e s i n s .  
weight r a t i o s  o f  r e s i n  r e i n f o r c i n g  agent  t o  n y l o q  i . e . ,  25/75,  50/50, and 75/25.  

Included i n  the s tudy were various 

The s p e c i f i c  r e s i n s  chosen and t h e i r  formulations a r e  given below: 

Epoxy Pheno 1 i c Acry l i c  

DER 331 
Dicyandiamide 6 phr 
(pre-reacted t o  a g e l  
t i m e  of 5 minutes a t  
350°F) 

Polyes t e r  

Vibrin 136A 
t - b u t y l  Perbenzoate 
0 . 2  phr  

BRI, 2741 L u c i t e  204-X 
Benzoyl peroxide 1% 

Polyurethane ' 

Apco 1 2 6 1  P a r t  A 
Apco 1261 P a r t  B 
(equal p a r t s  by weight) 

Zytel 61 was chosen as the nylon copolymer for  the study. This was dissolved . 
i n  ethyl. a l co lml  t o  make a s o l u t i o n  approximately 40X selids. 
of  
approximately 20% s o l i d s .  This  s o l u t i o n ,  thoroughly mixed, w a s  added to  t h e  required 
amount of  nylon s o l u t i o n  a t  150'F t o  y i e l d  a good suspension o r  d i spe r s ion .  
r e s u l t a n t  suspension was fmmediately knife-coated on s e p a r a t o r  paper and allowed t o  
a i r  d ry .  Once. a f i lm  had formed,the a i r  dry w a s  followed by an oven dry of 112 
hour a t  180°F for so lven t  r e l e a s e .  The adhesive f i lm  was s t r i p p e d  from t h e  c a s t i n g  
paper and used f o r  bonding. 

The r equ i r ed  amount 
p re reac ted  epoxy r e s i n s  w a s  d i s so lved  i n  methyl ethyl. ketone t o  make a s o l u t i o n  

The 

The r equ i r ed  amount of phenolic r e s i n  was d i s so lved  i n  t h e  required amount of 
nylon s o l u t i o n  and t h e  mixture a p p l i e d  d i r e c t l y  t o  t h e  faying su r faces  o f  t he  ad- 
herends.  
p r i o r  t o  bonding. The remaining r e s i n s  were handled i n  a s i m i l a r  manner, with t h e  
except ion t h a t  t h e  a c r y l i c  was dissolved i n  ethyleria d i c h l o r i d e  and the  drying 
temperature maintained a t  RT. The po lyes t e r  was d i s so lved  i n  methyl e t h y l  ketone, 
and t h e  polyurethane was added d i r e c t l y  t o  t h e  nylon s o l u t i o n .  

A vacuum oven dry (30" Hg a t  18O0P) was employed f o r  final. so lven t  r e l e a s e  

I 
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TABLE 8 

Compound Process 

Dry Mixing 
Ca lender ing 
(Standard Metlbond 
406 Process) 

Solution Casting 

Solution Mixing, 
Calendering 

Fused Mixing, 
Calendering 

PROCESSING STUDIES FOR 
NYLON- EPOXY ADHESIVE COMPOSITIONS 

Tensile Shear, p s i  

+260 OF* R.T.** -320"FM 

420 4722 3450 

531 5342 3512 . 

1602 6257 405 7 

723 4806 2950 

* Average of 4 specimens 

** Average of 8 specimens 

3 
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Table 9 shows t h e  r e s u l t s  of t h i s  s tudy .  The epoxy r e s i n  was Ear s u p e r i o r  

as a r e i n f o r c i n g  agen t  f o r  nylon, i n  terms of t e n s i l e  shear and pee l  s t r e n g t h s  
both a t  room temperature and a t  -320°F, than any o f  t h e  o t h e r  four r e s i n s  s tud ied .  
This  might have been due t o  the epoxide groups co - reac t ing  with t h e  amide groups 
on t h e  s u r f a c e  of t h e  nylon. 
r e s i n  were probably due t o  t h e  so lven t  e f f e c t s  o f  phenol ics  on nylon,which com- 
p l e t e l y  breaks up t h e . d e s i r a b l e  nylon s t r u c t u r e .  The poor e f f e c t s  of  t h e  a c r y l i c  
and p o l y e s t e r  were probably due, i n  p a r t ,  t o  the  p a r t i a l  i ncompa t ib i l i t y  of  t h e s e  
r e s i n s  with nylon. The polyurethane was found t o  be completely incompatible with 
nylon. 

VIII. A STUDY OF N n O N  POLYMER AND COPOLYMER CHEMICAL STRUCTURE TO OPTIMIZE 

The very poor r e i n f o r c i n g  e f f e c t s  of t h e  phenoiic 

ADHESIVE STRENGTH AT EXTREMELY LOW TEMPERATURE 

A. Nylon F i l l e r s  for Epoxy-Polyamides I!- 
I Because of  t h e  extremely i n t e r e s t i n g  low-temperature p r o p e r t i e s  demonstrated 
~ by nylon i n  adhesive a p p l i c a t i o n s  (used e i t h e r  as f i l l e r s  o r  prime adhesive con- 

s t i t u e n t s )  i t  was decided t h a t  i t  would be very worthwhile t o  s tudy  s t r u c t u r e  and 
determine t h e  e f f e c t  o f  d i f f e r e n t  nylon chemical s t r u c t u r e s  on adhesion. 
o f  nylons was prepared i n  t h e  l abora to ry  e s p e c i a l l y  f o r  adhesive a p p l i c a t i o n .  It 
was f e l t  necessary t o  inc lude  i n  t h e  polymer o r  copolymer s t r u c t u r e s  var ious degrees of  
hydrogen bonding, var ious carbon chain l eng ths  between amide groups, and aromatic  
as w e l l  a s  a l i p h a t i c  chain c o n s t i t u e n t s  i n  an at tempt  t o  1) inc rease  compa t ib i l i t y  
w i t h  r e s i n  systems such as epoxies ,  2) t o  decrease s o f t e n i n g  p o i n t s ,  3) t o  inc rease  
s o l u b i l i t y ,  and 4) t o  enhance t h e  low temperature c h a r a c t e r i s t i c s .  

A series 

The a c t i o n  of a c i d  ch lo r ides  of  d i b a s i c  a c i d s  (d i acy l  ch lo r ides )  on diamines, 
v i a  t he  r o u t e  of t h e  well .-established a r t  of i n t e r f a c i a l  polymerization, was s e l e c t e d  
because of t he  e a s i l y  obtained,  high-molecular weight polymers. These highly re- 
a c t i v e  monomers preclude t h e  need f o r  t h e  very r igo rous  au toc lave  cond i t ions  
required when dibasic ac ids  and diamines are employed as monomers with attendant 
d i f f i c u l t y  i n  c o n t r o l l i n g  t h e  degree of  polymerization o r  molecular weight.  

Approximately 0.05 mol o f  t h e  a c i d  c h l o r i d e ,  o r  combined a c i d  c h l o r i d e s ,  was 
d i s so lved  i n  50 m l  benzene. An equ iva len t  molar amount of  diamine, 'or combined 
diamines,  was d i s so lved  i n  50 ml of water. The two sol.utions were combined and 
mixed, y i e l d i n g  immediately a l a r g e  coagulated mass of polymer. The polymeric 
mass was divided i n t o  small p a r t i c l e  s i z e s  and washed repeatedly wi th  warm benzene 
t o  remove en t r a ined  monomer. T h i s  was followed by r epea ted  washings with hot  
e thanol /water  (80/21)) s o l a t i o n s  t o  f u r t h e r  remove monomer and lower molecular 
weight fragments. The r e s u l t i n g  polymer was d r i e d  i n  a vacuum oven t o  remove 
s o l v e n t ,  

, 
The f i n a l  s t e p  cons i s t ed  o f  gr ind ing  t h e  polymer i n  a mortar and p e s t a l  under 

l i q u i d  n i t rogen  and sc reen ing  it through a 200-mesh s i e v e .  

Evaluation of t h e  polymer cons i s t ed  of  1) determining t h e  s o f t e n i n g  po in t  by 
p a r a l l e l  p l a t e  plastometry,  and 2) employing the f i n e l y  divided polymer as a f i l l e r  
f o r  a epoxy-polyamine adhesive (Resin 3135). c 

41 



TABLE 9 

R. T. 

3910 

751 25 7455 
6110 

COMPARISON OF EPOXY WITH OTHER RESIN SYSTEMS AS REINFORCING AGENTS 
FOR NYLON-BASED ADHESIVES FOR A?PLICATION AT VERY LOW TEMPERATURE 

-'320"F R. T. -320°F 

26.32 10.0 4.0 
5.0 

3079 7.5 

-- 
6 1 

53 

64 
65 
66 

67 
68 
69 

62 

70 
7 1  
72 

Nylon/ Pheno 1 ic*** 
11 . 11 

I1  

Nylon/Acrylic 
I? 

II 

'I 

It 

NylodPo lyes t e r  
II 

f I  

It 

I' 

Nylon/Polyurethane 
I t  

11 

" 

I' 

Tens i l e  Shear, p s i *  Tee Peel ,  lbs/l"* 

1195 
1820 
2708 

15 26 
22 10 
2555 

1662 
165 1 
1356 

1288 0 0.5 
1311 0 1.0 
1977 1.0 1.0 

1640 ' 5.0 1.5 
3000 22.5 2.5 
13 12 30.0 2.0 

7 80 0 0.5 
1066 0 0.5 
1034. 5.0 2.0 

25/75 
50/50 
75/25 

25/ 75 
50/50 
75/25 

25/75 
50/50 
75 / 25 
(W67, 6 

25/75 
50/50 
75/25 

Sy6tem6 completely incompat i b  le 
I 1  II II 

11 II II 

* Average of four specimens 

** Sing le  specimens 

** Cure staged from RT to 225°F in 20 minutes, 45 min a t  225°F a t  25 p s i ,  
s taged from 225°F to 350"F, 1 hour at 350°F and 25 p s i .  

A l l  cures  were 1 hour a t  350'Fand 25 p s i ,  except where noted. 
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The polymer was p e l l e t i z e d  i n t o  a specimen approximately 1/4" diameter by 
1/81! t h i c k  f o r  so f t en ing  point  determinat ions,  The p a r a l l e l  p l a t e  plastometer 
was constructed from a standard Fisher-Johns melt ing point  apparatus  ( see  Figure 
16) which was connected i n  s e r t e s  w i th  a powerstat t o  slow down the  hea t ing  rate. 
The p e l l e t i z e d  polymer specimen was placed between s t anda rd  g l a s s  cover p l a t e s ,  
posi t ioned on t h e  p l a t en  of  t h e  apparatus ,  and loaded with a 1/2" diameter steel  
rod weighing 332 grams. 
measuring d e f l e c t i o n ,  
4°C per  minute, and temperature and d e f l e c t i o n  recorded. 
u f i t i l  no f u r t h e r  d e f l e c t i o n  could be observed. A p l o t  of temperature (abscissa)  
v s .  d e f l e c t i o n  (ordinate)  was nade and t h e  so f t en ing  po in t  chosen a t  t h e  point 
on t h e  a b s c i s s a  where t h e  r a d i c a l  change i n  d e f l e c t i o n  was observed. The xe- 
s u l t i n g  temperature was reported a s  t h e  so f t en ing  p o i n t ,  'C. 

The end of t h e  rod was engaged with a d i a l  i r idicator  f o r  
Heating of t h e  apparatus was begun a t  a con t ro l l ed  r a t e ,  

Heating was continued 

Three polymers, whose so f t en ing  po in t s  are we l l - e s t ab l i shed ,  were prepared t o  
prove t h e  q u a l i t y  of  the polymer. 
ch lo r ide  and t h e  nylon from hexamethylene diamine and sebacoyl ch lo r ide  gave pre- 
c i s e l y  t h e  l i t e r a t u r e - r e p o r t e d  (3) so f t en ing  po in t s  260°C and 209"C,respectively,  
when prepared from t h e  diamines and d i b a s i c  a c i d s .  The so f t en ing  point  f o r  nylon 
copolymer from hexamethylene diamine and mixed adipoyl  and sebacoyl ch lo r ide  w a s  
somewhat h ighe r  (219'C) than t h e  l i t e r a t u r e - r e p o r t e d ( 4 )  value of 200°C. 
concluded t h a t  t h e  polymers produced by t h e  r eac t ion  were o f  high molecular weight 
and good q u a l i t y .  

The nylon trorn hexamethylene diamine and adipoyl  

It w a s  

Twenty-nine o t h e r  polymers and copolymers were prepared by the r e a c t i o n  
descr ibed.  Table  10 gives  t h e i r  composition and so f t en ing  po in t s .  Using the  
so f t en ing  point  of  Zytel  61 a s  c o n t r o l  (138'C), it was concluded t h a t  a l l  
(with t h e  except ion of polymers #18 and #48) had too high a so f t en ing  po in t  t o  
be considered p r a c t i c a l  i n  a nylon-epoxy adhesive such a s  Metlbond 406,  0 - 4 0  
o r  AF-41, o r  FM-1000, because t h e s e  adhesives r equ i r e  fusion o f  t h e  nylon f o r  
adhesion. Obviously, fusion takes  place a t  temperatures higher  than the so f t en ing  
p o i n t ,  and s o f t e n i n g  temperatures above 138'C would r e q u i r e  cur ing temperatures 
i n  excess of 350'F. 
the more moderate cur ing condi t ions r equ i r ed .  

This would be a disadvantage i n  t h e  present  work because of 

Due t o  t h e  exce l l en t  r e s u l t s  nylons have shown a s  f i l l e r s  f o r  epoxy-polyamine 
adhesives and because of t h e  high so f t en ing  p o i n t s ,  t h e  ma jo r i ty  of t h e s e  nylon 
polymers and copolymers were t e s t e d  as f i l l e r s  f o r  Resin 3135. The same procedures 
descr ibed i n  t h e  preceding s e c t i o n  f o r  adhesive and bond preparat ion were followed. 
The r e s u l t a n t  test  data  are given i n  Table 10. It was noted t h a t  a l l  o f  t h e  poly- 
mers or  copolymers evaluated a s  f i l l e r s  d id  not  perform as well RS Zytel  61 i n  
e i t h e r  RT o r  -320°F t e n s i l e  shea r  s t r e n g t h .  
RT t e e  pee l  s t r e n g t h ;  neve r the l e s s ,  t h e  -320'F t e e  peel s t r e n g t h  was no t  improved 
over  Zytel  61 as the  con t ro l .  

Some demonstrated an improvement i n  

It was observed t h a t  some of t h e  polymers and copolymers had g r e a t e r  thickening 
e f f e c t s  of Resin 3135 than o t h e r  polymers when used a t  33.3 p a r t s  pe r  hundred p a r t s .  
This inf luenced the  g lue l ine  thickness  of t h e  bonded specimens as well  as t h e  adhe- 
s i v e ' s  a b i l i t y  t o  wet t he  faying s u r f a c e s .  
t i m e  a t  room temperature of t he  bonded assemblies p r i o r  t o  t e s t i n g .  T imes  a c t u a l l y  
ranged from 48 hours t o  10 days. Figure 17 is submitted t o  i d e n t i f y  the curing 
t i m e  f o r  each system. Although no t  a j u s t i f i e d  c o r r e l a t i o n ,  the -320°F t e n s i l e  
shear s t r e n g t h  tends t o  inc rease  with curing t i m e  a t  RT. 

It was d i f f i c u l t  t o  con t ro l  t h e  curing ' 
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1 t ., 

F i g u r e  16. Parallel p la t e  p l a s tome te r  fash ioned  from a Fisher -  
Johns me l t ing  p o i n t  a p p a r a t u s  and used for d e t e r -  
mining the s o f t e n i n g  p o i n t  of nylon polymers and 
cop0 lymer s . 
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B .  Nylon Epoxy Adhesives 

Based upon t h e  comparativelyol.ow so f t en ing  po in t s  of polymers 1118 and $148 i n  
Lhe foregoing study (138°C and 30 C,  r e s p e c t i v e l y ) ,  it was decided t o  explore  nylon 
s t r u c t u r e  f u r t h e r  i n  adhesive systems where the polymer i s  the  pr ime adhesive con- 
s t i t u e n t  r equ i r ing  fusion during bonding f o r  optimum propert ies ;  
t h a t  t h e  iow temperature p rope r t i e s  of  nylon might be improved as a r e s u l t  o f  t h e i r  
low so f t en ing  po in t s .  

It was hoped 

The Metlbond 406 formulation (processed by dry mixing and calendering)  was 
s e l e c t e d  as the b a s i s  f o r  evaluat ing t h e  two nylons mentioned above and th ree  addi t ion-  
a l  nylons.  Numbers 52 and 5 3  were e s p e c i a l l y  prepared by allowing blends of  two 
d i f f e r e n t  polyamides t o  co-react  when heated above t h e  melt ing point; f i r s t  t o  
g i v e  block copolymers , followed by segment interchange leading t o  random copolymers 
(5). Ir! 1152, ?!I?; by weight Zytel 61 wns mechanically blended on a rubber m i l l  wi th  
30% by weight BCI-1107 (nylon t y p e  1 1 ) .  The r e s u l t a n t  blend was placed i n  an i g n i -  
t i o n  tube under an i n e r t  blanked of n i t rogen .  The eemperature was r a i s e d  to:30O0C 
and maintained f o r  two hours. 
by weight of Zytel  31 (nylon type 6 ,  10) and 25% by weight BCT-1107. The r e s u l t a n t  
copolymers have lower so f t en ing  points  and g r e a t e r  s o l u b i l i t y  than e i t h e r  of  the 
polymers from which they were prepared. The t h i r d  polymer, #54, was a commercially 
a v a i l a b l e  a l k y l a t e d  nylon (800 S e r i e s  Nylon type 8) with a so f t en ing  po in t  of about 
136OC. 

Number 53 w a s  prepared i n  similar manner using 75% 

Each nylon was i n  t u r n  combined ~ i t t  an epoxy r e s i n  by s tandard rubber m i l l i n g  
techniques i n  a manner s imi la r  Lo Pkt l lond  406. The r e s u l t i n g  adhesive compositions 
were cured 1 h o u r - a t  350°F and 25 p s i  i n  order  t o  be used for 'bond p repa ra t ion .  

i 

Table 11 revea l s  t h e  r e s u l t s  of t h i s  s tudy.  Conclusions drawn from the work 
were t h a t  the so f t en ing  point  o f  t h e  nylon i t s e l f  i s  not a c lea r - cu t  method f o r  
improving t h e  iow temperature s t r e n g t h  of a nylon-epoxy adhesive,  using Metlbond 
406 as c o n t r o l .  Although the re  was a s l i g h t  tendency t o  improve t h e  -320°F tee 
peel  s t r e n g t h ,  t he  room temperature p rope r t i e s  s u f f e r e d  d r a s t i c a l l y .  There 
was even s l i g h t e r  tendency f o r  lower so f t en ing  po in t  nylons t o  improve the -320°F 
t e n s i l e  shea r  s t r e n g t h .  Metlbond 406 continued t o  outperform the experimental  
adhesives . 
I X .  STUDY OF MODIFIED NYLONS AS IMF'RWED ADHESIVES FOR APPLICATION AT VERY 

LOW TEMPERATURE 

It has been reasoned f o r  some t i m e  t h a t  a copolymer could r e s u l t  between a 
nylon type polymer and an epoxy funct ion by v i r t u e  o f  t he  n u c l e o p h i l l i c  cha rac t e r  
of  t h e  n i t rogen  l i n k s  of the  nylon polymer. For example, i t  has been observed 
t h a t  i f  Zytel  61 (nylon copolymer) is  heated i n  t h e  presence of  an epoxy refiin 
(Epon 828) a t  500'F f o r  1 hour, t h e  p rope r t i e s  of t h e  nylon a r e  s u b s t a n t i a l l y  
changed ( i . e . ,  i t  becomes in so lub le  and i n f u s i b l e ) .  I n  general ,  however, the con- 
ven t iona l  g lyc idy l  e t h e r  type epoxy r e s ina  are not rrutually compatible with nylon, 
pe r  
e f f e c t  some degree of  a homogeneous, d i spe r s ion ,  

se; t h e r e f o r e ,  mechan€cal blending o r  mixed so lven t  systems m u s t  be used t o  
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Nylon 
Softening 
Point, 'C 

Nylon 
Composition 

TABLE 11 

Ny lon-Epoxy Adhesive Strength 
Tensile Shear, ps i*  Tee Peel, lbs/ l"* 

R.T.  - 320°F R . T .  I - 320°F 

- 
Code 
No. 

- - 
4840 

2718 

32 85 

3715 . 

5022 

1776 

A STUDY OF NYLON POLYMER AND COPOLYMER CHEMICAL STRUCTURE 
TO OPTIMIZE ADHESIVE STRENGTH AT EXTRE'MELY LOW TEMPERATURE 

-- 8.33 

7.5 3 . 0  

10.0 5.0 

20.0 10.0 
3 

6.0 10.0 

100.0 2 . 5  

Metlbond 406 Type Formulations 

5 3  162 4440 Zytel 31 75% 
BCI-1107 25% 

METLBONU 406 (Control.) J 138 1 5470+ 

18 I See Table 10 1, 138 I 4812 
- 

48 I See Table 10 30 I 5670 
I I I 

I I 1 1 121 1 4390 Zytel 61 70% 
BCI-1107 30% 

52 I 

54 BCI- 32 18 

3 

* Cure: 1 hour at 350"Fand 25 psi. Average of 4 specimens. 

Single specimens. 

. , . . . -. 

so 
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Natu ra l ly ,  t h e  thought occurred of  w i n g  l o w  molecular weight oxirane mono- 

mers t o  overcome t h e  respect ive '  mutual i n s o l u b i l i t y .  Prel iminary work i n  t h i s  a r e a  
w a s  f a i r l y  success fu l .  On t r e a t i n g  Zytel  61 with 1) butadiene diepoxide and with 
2)  r e so rc ino l  d ig lyc idy l  e t h e r ,  polymeric m a t e r i a l s  were obtained with melting 
points  no t i ceab ly  lower and s o l u b i l i t i e s  appreciably g r e a t e r  than t h e  parent  
nylon. 

Upon hea t ing  1) o r  2) a t  approximately 350'F f o r  one hour ,  t h e  molecular 
weight was noted t o  inc rease  SO markedly t h a t  a f a i r  degree of room temperature 
r i g i d i t y  was apparent .  Upon sub jec t ing  t h e  untreated Zy te l  61 t o  Kjeldahl 
ni t rogen a n a l y s i s ,  a 10.5% l e v e l  was obtained.  Analysis o f  t h e  butadiene 
diepoxide and nylon copolymer showed a 7.5% l e v a l ,  o r  a drop o f  2.5%. 
s t r o n g l y  suggested g r a f t i n g  (6) of alkoxy groups onto a g r e a t  many o f  t h e  amide 
groups throughout t h e  nylon chain,  f o r  i f  only end groups were reac t ing ,  the 
percentage decrease cjf n i t rogen  would be e s s e n t i a l l y  n e g l i g i b l e  i n  a high 
molecular weight polymer such as Zytel  61. On the b a s i s  of  th i s  reasoning, it is 
not  s u r p r i s i n g  t h a t  a d d i t i o n a l  i nc rease  i n  molecular weight occurs a s  t h e  o t h e r  
oxirane group o f  t h e  d i f u n c t i o n a l  monomers f u r t h e r  r e a c t s  with o t h e r  amide 
groups as the  temperature is increased -- t h e  n e t  r e s u l t  being some degree of 
c ros s l ink ing  . 

T h i s  

Althrough t h e  r a t i o s  of r e a c t a n t s  i n  thz  above-mentioned s tudy a r e  a r b i t r a r y ,  
' i t  appeared t h a t  t he  ox i r ane  funct ion was present  ir. a more than ample amount as 
evidenced by the  " s a l t i n g  out" of  t h e  polymcr upon t reatment  of  the r eac t ion  
mixture with a so lven t  f o r  t h e  monomer (methyl e t h y l  ketone).  

It was hoped t h a t  t h i s  i n i t i a l  s tudy would lead t o  a technique f o r  improving 
t h e  very low temperature p r o p e r t i e s  of nylon by o f f e r i n g  a con t ro l  over  
c r y s t a l l i n i t y ,  c r o s s l i n k i n g ,  and general  polymer conf igu ra t ion .  

Table 1 2  shows the  r e s u l t s  of t h e  i n i t i a l  a t tempts  t o  use t h e s e  g r a f t  poly- 
mers as 1-pa r t  t h e r w s e t t i n g  nylon adliizaives. The i n i t i a l  da t a  a r e  q u i t e  i n t e r e s t -  
ing.  

Included i n  t h e  above s tudy was t h e  a l k y l a t i o n  of t h e  same nylon copolymer, 
Zytel  61, by r e f l u x i n g  an a l c o h o l i c  s o l u t i o n  €or  8 hours i n  t h e  presence of 
excess paraformaldehyde I Simi la r  techniques a r e  employed f o r  a l k y l a t i o n  o f  nylon 
type 6,6 f o r  producing nylon type 8 which can be c ros s l inked  with hea t  i n  t h e  
presence of  anhydrides and t r a c e  q u a n t i t i e s  of  amide. The r e s u l t s  he re  were not 
very rewarding. I 

Table 13 l is ts  some molecular weights and percent  n i t r o g e n  f o r  var ious nylons.  
The molecular weight determinat ion was accomplished by f r e e z i n g  point  depress  ion 
i n  phenol. General ly ,  t he  f r eez ing  point  depression constant  Kf f o r  phenol i s  ex- 
pressed a s  an a n a l y t i c a l  func t ion  of i t s  normal f r eez ing  po in t  and l a t e n t  hea t  of  
fu s ion ,  and gives a value of 7.4 "C/niole s o l u t e .  However, f o r  nylon type 
s o l u t i o n s  i n  phenol,  t h i s  constant  does not hold and Kf milet be determined by 
using a s o l u t e  of known molecular weight.  From the  expression:  

c 
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1 I 

Tens i l e  Shear,*ysi 
Modif icat ion of Nylon 

RT - 320°F 

TABLE 12 

Tee Peel,** lbsf  1" 

BT -320°F 

I N I T I A L  STUDY OF MODIFIED NYLDNS AS IMPROVED ADHESIVES 
FOR APPLICATION AT VERY LOW TEMPERATURE 

-~ 

1. Alkylat ion 

An a l c o h o l i c  s o l u t i o n  of ZyteL 
61  w a s  ref luxed f o r  8 hours i n  
t h e  presence of excess para- 
formaldehyde 

2. Alkoxylation 
Ten grams of Zy te l  6 1  were 
heated i n  100 grams of Epon 
828 epoxy r e s i n  w i t h  good 
a g i t a t i o n  f o r  3 hours a t  500°F . 

3 .  Alkoxy l a  t ion 
Ten grams of powdered Z y t e l  6 1  
were heated i n  100 grams of 
Epon 828 epoxy r e s i n  with good 
a g i t a t i o n  f o r  48 hours 

I I I 
The resul tant-  polymer w a s  a l c o h o l  
i n so lub le .  No  f u r t h e r  work w a s  done. 

I I 
I 

The r e s u l t a n t  polymer was a deep amber 
color ar.d found t o  be alcohol i n s o l u b l e  
and i n f u s i b l e .  No f u r t h e r  work w a s  done 

I I 

The r e s u l t a n t  polymer w a s  a l c o h o l  
i n so lub le .  No f u r t h e r  work w a s  done 

I I I 

ci iepvxide were refl i lxed f o r  2 
hour 6 

5. Alkoxylation 
Equal p a r t s  by weight of 
powdered Zy te l  6 1  and 
r e s o r c i n o l  d i g l y c i d y l  e t h e r  were 
r e f luxed  f o r  2 hours 

* Average of four  specimens 

** Sing le  specimens 

Polymer was employed €or  bonding a Na-naphthalene t r e a t e d  Teflon FEP sub- 
s t r a t e  

*** 

Resu l t an t  polymer w a s  t he rmose t t i ng  

598*** 3660- 5.0** 15,0** 
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TABLE 13 

PROPERTIES OF VARIOUS NYLONS 

of Compos it  i o n  Weight 

Z y t e l  6 1  6,100 

Type 11 ; (Po l y  lac t a m  
of 11 amino 11,000 
undecanoic a c i d )  

Type 6/Type 6,lO 
. 50/50 

Type 11/Zytel  6 1  --- 
25/ 75 

I I 1 
Softening Preparat ion 
Point ,  '(3 Procedure % Nylon I I 

1 0 . 6  I 140 1 --- 

I 

Reaction 3OOOC -- 165 2 hrs - under 

-- 220 --- 
dry N2 

--- -- I 210 I 
React ion 300 O C 
2 hrs - under 

I t  

I 

(I -- 186 , 

* Softening p o i n t s  determined by para l le l  p l a t e  plastometry previously 
des ci- ib ed 

** L i t e r a t u r e  values  

Mate r i a l s  I d e n t i f i c a t i o n  

Z y t e l  6 1  nylon copolymer - Dupont 
Type 11 nylon - BCI Iyi107 
Type 6, lO nylon - Zyte l  31 
Type 6 nylon - Plaskon t8200P 
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U i n  

K f "  

two nylons 

G M et 

1,000 g ef 9 Observed f r e e z i n g  p o i n t  depression 

G = Weight of phenol 
g = Weight of nylon s o l u t e  

M = Mole weight 

f known molecular weight (&.e. , a type 6,lO of molecular weight 
= 17,000, and a type 6,6 of molecular weight = 18,00O),an average v a i u e  f o r  Kf = 
150.0 was obtained. Using t h i s  value of Kf, t h e  molecular weights of Z y t e l  61, a 
s tandard type 11 nylon and a type 6,lO-11 g r a f t  polymer were obtained. 

It w i l l  be r e c a l l e d  that upon r e a c t i o n  of Zyte l  61 w i t h  butadiene dioxide,  
a copolymer was obtained which gave an  average n i t rogen  composition of 7.7% 
(by Kjeldahl),  as compared t o  pure Z y t e l  61  which i s  10.-6% ni t rogen.  Assuming 
that  one mole of BDO w a s  equivalent  t o  two equivalents  of N-H ( the  number of N-H 
si tes  being c a l c u l a b l e  from the now kmxT, ialacuiar weight and previously de te r -  

obtained.  
monomer, on t he  average, seems t o  hold. This r e l a t i o n s h i p ,  on the basis.of total Zytel  
6 1  molecule, -comes out i n  a molar r a t i o n  of = 23:l ( i .e . ,  BD0:Zytel 61) and therefore  
would be expected t o  hold f o r  o ther  diepoxides as w e l l .  

I* mined percent n i t rogen  of Z y t e l  61), a ca lcu la ted  n i t rogen  content  of 7 . 9 %  was 
Thus, i t  would appear t h a t  t h i s  2/1 equivalency between N-H and diepoxide 

A study using var ious  o ther  diepoxide compounds wi th  var ious  o t h e r  nylons 
was i n s t i t u t e d .  I n  general ,  nylons were se lec ted  (as was done e a r l i e r )  on t h e  b a s i s  
of low melt ing poin t  (i.e.,  160°C or  lower). Table 14 gives  a l i s t  of compositions 
and sof ten ing  poin ts  f o r  t h e  var ious nylons used. An a d d i t i o n a l  diepoxide compound 
has been used t o  date:  bisphenol "A" d ig lyc idyl  e t h e r  (DER 332). RDGE and ED0 
were s u f f i c i e n t l y  r e a c t i v e  so t h a t  c e r t a i n  of the  nylon compositions were seen t o  
react d i r e c t l y  wi th  them, by evidence of s o l u t i o n  a t  1000°C. On t h e  o ther  
hand, DER 332 w a s  not  as r e a c t i v e ;  a mutual solvent  must be employed (e.g., N-methyl- 
2-pyrrolidone) t o  e f f e c t  i n i t i a l  homogeneity, which seems to  be necessary f o r  a 
s a t f s f a c t o r p  reac t ion .  

Table 14 a l s o  shows RT and -320°F t e n s i l e  shear and tee pee l  d a t a  f o r  some 
v a r i o u s  copolymer compositions. 
polymer appl ied  t o  the  m e t a l ,  using a shimmed g lue l ine .  
s u b s t r a t e  r e i n f o r c i n g  f i lm.  These a r e  given the Greek l e t t e r  des igna t ion  Epsilon 
( c )  through Kappa ( x )  f o r  t h e  d e s c r i p t i o n  of r e s i n  systems. The d a t a  f o r  t h e s e  
nylon-epoxy systems are, of c o u r ~ e ,  average numbers and t h e r e f o r e  r e f l e c t  a some- 
what notable s c a t t e r  i n  d a t a  obtained thus  f a r .  I n i t i a l l y ,  t h e  through E t a  (@ 
copolymers were appl ied from solut ion,  and thus build-up w a s  d i f f i c u l t .  
l a tes t  t and H were employed as precas t  f i lms  i n  c c r r e c t  thickness  t o  impro1.e 
consis tency of t h e  g lue l ine .  I n  formulation, the  a d d i t i o n  of dicyandiamide 
appears t o  improve t h e  nylon-epoxy copolymer, possibly through c r o s s l i n k i n g  a t  
r e s i d u a l  epoxy si tes.  

Some of these employed t h e  s t r a i g h t  s o l u t i o n  cast 
Others employed a 

i 

The 

With t h i s  i n  mind, formulation Lambda (A), Nu (v), X i  ($), and P i  (n) employed 
vary ing  amounts of dicyandiamide and methylene d i a n i l i n e  (MDA). 
horrever, inspec t ion  of g l u e l i n e s  a f t e r  f a i l u r e  showed t h e  m a t e r i a l  t o  be r a t h e r  
gummy. 
major i ty  of cases by a r i s e  i n  t e n s i l e  shear s t r e n g t h  (Table 14). 

I n  a l l  cases,  

That f r e e z i n g  t o  a more r i g i d  r ' tate occurred a t  -320°F is r e f l e c t e d  i n  a 
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It was concluded t h a t  t h e  use of c ros s l ink ing  agents ,  such as MDA, does e f f e c t  
t h e  mechanical p r o p e r t i e s  of  t h e  nylon epoxy copolymer, but not s u f f i c i e n t l y  enough 
t o  produce d e s i r a b l e  r i g i d i t y .  
the copolymer g r e a t l y  inc reases  r i g i d i t y ,  bu t  appears t o  reduce toughness. 

The incorporat ion of a d d i t i o n a l  epoxy func t ion  i n  

X. N E W  NYLON-EPOXY AND POLYAMIDE-EPOXY POLYMERS FOR EVALUATION AS ADHESIVES, 
OR ADHESIVE CONSTITUENTS, AT VERY LOW TEMPERATVRE 

A .  Nylon-Epoxy Graf t  Polymers Based on t h e  Solvat ing Action of N-Methyl-2 
Pyrol l idone 

I n  a r e s i n  f l a s k  equipped wi th  stirrer, thermometer, and h e a t i n g  mantle were 
placed 80.0 grams of a comparatively low molecular weight a l i p h a t i c  epoxy r e s i n  
(Epon 812) and 20.0 grams of a f i n e l y  divided nylon copolymer (Zytel  61).  The 
r e a c t a n t s  were heated a t  13OoC for 4-1/2 hours, followed by coo l ing  t o  ambient 
temperature.  The mixture w a s  found t o  be heterogeneous, con ta in ing  undissolved 
globules  of nylon i n  the epoxy matrix. The mixture w a s  f i l t e r e d ,  and t h e  r e s i d u e  
washed f r e e  of epoxy r e s i n  with methyl e t h y l  ketone and d r i ed .  
s p e c t r a  of t h e  r e s idue  f a i l e d  t o  r e v e a l  absorbance i n  t h e  epoxide regions (approx. 
8 and 11 microns) which would prove epoxy g r a f t s  on tLe amide groups of t h e  nylon. 
In add i t ion ,  because t h e  r e s idue  w a s  a high molecular weight, h igh  melt ing s o l i d ,  
i t  w a s  considered unsu i t ab le  €or  an adhesive intended f o r  processing a t  ambient 
temperature. 

The i n f r a r e d  

In a resin f l a s k  equipped w i t h  s t i r r e r ,  thermometer, h e a t i n g  mantle, and con- 
denser were placed 160.0 grams of an a l i p h a t i c  epoxy resin (Epon 812), 40.0 grams 
of 3 f i n e l y  divided nylon copolymer (Zytel  61) and 160.0 grams of N-methyl-2- 
pyrrol idone s o l v a t i n g  agent .  The r e a c t a n t s  were heated a t  130°C f o r  4-1/2 hours, 
a f t e r  which a c l e a r ,  homogeneous s o l u t i o n  r e su l t ed .  Cooling t o  ambient temperature 
r e s u l t e d  i n  g e l l a t i o n  of t h e  r e a c t i o n  mixture. The mixture  w a s  washed f r e e  of 
pyrrol idone with water and washed f r e e  of epoxy r e s i n  wi th  methyl e t h y l  ketone, 
leaving a rubbery iesidue found t o  be insoluble in the epoxy res in  starting 
material (Epon 812).  An i n f r a r e d  s p e c t r a  of t h e  r e s i d u e  r evea led  apprec i ab le  
absorbance i n  t h e  epoxide regions,  i n d i c a t i n g  t h a t  epoxy g r a f t s  on t h e  nylon had 
been a t t a i n e d  by t h e  s o l v a t i n g  a c t i o n  of t h e  pyrrol idone.  Again, because t h e  
r e s i d u e  w a s  of higher  molecular weight khan the nylon s t a r t i n g  material, due to 
g r a f t i n g ) , i t  w a s  considered u n s u i t a b l s  f o r  an adhesive intended f o r  processing a t  
ambient condi t ions.  

B. Nylon-Epoxy Graf t  Polymers Based on t h e  Reaction of Nylon wi th  Epoxy Monomers 

I n  a r e s i n  f l a s k  equipped wi th  s t i r r e r ,  thermometer, h e a t i n g  mantle, and con- 
denser were placed 100.0 grams of r e s o r c i n o l  d i g l y c i d y l  e t h e r  (diepoxide monomer) 
and 20.0 grams of a f inely-divided nylon copolymer (Zytel  61). The r e a c t a n t s  were 
heated a t  150°C u n t i l  the m i x t u r e  had gained homogeneity as evidenced by c l a r i t y .  
The r e a c t i o n  product w a s  cooled t o  ambient, and washed f r e e  of monomer wi th  methyl 
e t h y l  ketone. 
s t r o n g  i n f r a r e d  absorbance i n  t h e  epoxide regions.  It was concluded t h a t  g r a f t i n g  
had indeed taken place,  b u t  the s o l i d ,  high molecular weight n a t u r e  of t h e  material 
precluded an adhesive which could be processed a t  ambient condi t ions.  

The r e s i d u e  resembled t h e  nylon s t a r t i n g  material and showed a 
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C .  Compatibi l i ty  of Type 8 Nylon with an Epoxy Resin 

Based on previous e x p e r i e n c e , i t  is known that a t  l eas t  25 and p re fe rab ly  
75 weight percent of  a s u i t a b l e  nylon is  required f o r  modif icat ion of an  epoxy 
r e s i n  intended as an adhesive f o r  very low-temperature a p p l i c a t i o n .  A t  t h e  25% 
l e v e l  the nylon may be  s a t i s f a c t o r i l y  employed a t .  ambient condi t ions a s  a f i l l e r ;  
neve r the l e s s ,  a t  t h e  75% leve1,elevated temperature fus ion  of t h e  nylon is r equ i r ed  
f o r  adhesion. 

The compa t ib i l i t y  of  nylon type 8 (BCI  819), a N-methylated nylon, was s t u d i e d  . 
i n  a low v i s c o s i t y  epoxy a l i p h a t i c  r e s i n  (Epon 812). The purpose was t o  i nco rpora t e  
t h e  maximum nylon i n  the r e s i n  and s t i l l  have a t  l e a s t  a semi-solid which could be 
processed a t  room temperature by curing with a r e a c t i v e  polyamide r e s i n .  
found t h a t  15 weight percenc of nylon 8 was compatible, but  t h a t  t h e  v i s c o s i t y  w a ~  
almost t o o  high f o r  ambient temperature processing. 
high v i s c o s i t y  precluded a p r a c t i c a l  adhesive.  

XI. 

It was 

The low nylon level and t h e  

* 
STUDY OF FILLERS FOR ADHESIVE BONDING AT EXTREMELY LOW TEMPERATURE 

The use of f i l l e r s  i n  c e r t a i n  s t r u c t u r a l  adhesives is common p r a c t i c e .  F i l l e r s  
are g e n e r a l l y  added t o  accomplish some s p e c i f i c  purpose o r  t o  a s s i s t  i n  e l imina t ing  
some shortcoming i n  t h e  base r e s i n s .  F i l l e r s  may provide v i s c o s i t y  and flow c o n t r o l ,  
change i n  c o e f f i c i e n t  of  thermal expansion, change i n  heat conduc t iv i ty ,  change i n  
e x t e n s i b i l i t y ,  and e f f e c t  on s i m i l a r  c h a r a c t e r i s t i c s  e In th.e case of low-temperature 
adhesives ,  f i l l e r s  serve b e s t  a s  e means of a l t e r i n g  t h e  c o e f f i c i e n t  of expansion of 
t h e  cured systems. 

F i l l e r s  were s e l e c t e d  on the b a s i s  of t h e i r  c o e f f i c i e n t  of thermal expansion: 
Zytel  61 (nylon) f o r  high c o e f f i c i e n t ,  higher  than adherend; Alcoa 123 (aluminum) 
f o r  comparatively low c o e f f i c i e n t ,  approximating t h a t  of the adherend; and s i l i c a  
and alumina f o r  low c o e f f i c i e n t ,  lower than adherend. 

The r e s i n  s e l e c t e d  was Resin 3135, an epoxy polyamine system. This  u n f i l l e d  
adhesive w a s  s e l e c t e d  because it very c l o s e l y  resembles t h e  adhesive d e s i r e d  by 
the  Nat ional  Aeronautics and Space Administration i n  t h i s  work; namely, ease of  
s u r f a c e  preparat ion and bonding procedures. 

. The f i l l e r s  were used a t  33.3, 66.7,and 100 p a r t s  p e r  100 p a r t s  o f  Resin 3135. 
The t o t a l  amount of  f i l l e r  was divided i n  h a l f ;  one-half  being s t i r r e d  i n t o  t h e  
epoxy component o f  the r e s i n  and t h e  o t h e r  h a l f  being s t i r r e d  irrto the polyamine com- 
ponent. 
t h e  two r e a c t i v e  po r t ions  of the r e s i n .  

.' 
This was done t o  a s s u r e  complete w e t t a b i l i t y o f  t h e  f i l l e r  before  combining 

3 

The two f i l l e d  po r t ions  o f  Resin 3135 were then combined and used to  coat  
(with s p a t u l a )  the faying su r faces  o f  7075T6 ba re  aluminum breakaway panels .  The 
bonds were assembled with 1/2" over l ap  by means of cu r ing  f i x t u r e s ,  and cured 48 
hours a t  RT audcontact  pressure.  
shear a t  RT and -32O0F. 

The bonds were subsequently t e s t e d  i n  t e n s i l e  
Data a r e  shown i n  Table 15 and Figures  18 and 19. 
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TABLE 15 

Adhe s i v  e 

Thermal Expansion 

in / in / "F  x 105 

F i l l e r ,  Coe f f i c i en t  of Linear 
Parts by Weight pe r  
100 Parrs Resin 3135 . (-320 to +32"F) 

0, CONTROL 3.21  
I 

STUDY OF FILLERS FOR ADHESIVE 
BONDING AT EXTREMELY LOW TEMPERATURES 

Tens i l e  Shear S t rength ,  ps i*  

R. T. -320°F 

i5 14 I 2682 

Aluminum (Alcoa 123) 
(18 micron average) ,  

33.3 
66.7 

100.0 

I I I 

I 

2 . 7 2  3400 1877 
2.50 3230 2672 
2 .21  2610 2960 

Nylon (Zytel 61), 
(-300 mesh), 

33.3 (ADHESIVE A) 
66.7 

' 100.G 

3.17 
3.15 
3.18 

3 140 
2 150 
1970 

3 180 
2895 
2307 

S i l i c o n  Dioxide 
(Quartz, a00 mesh), 

33.3 
66.7 

100.0 

t 
Alumina 
(a00 mesh), 

33.3 
66.7 

100.0 

2 . 6 9  
2.10 
1 .87  

2530 
2720 
2480 

1570 
1782 
2 130 

2.44 
2.23 
1.88 

2900 
2650 
2830 

1935 
1982 
1935 

~~ -- ~ ~~ 

Curing cyc le :  

* Average of 8 specimens each. 

48 hours  a t  R.T. a n d c o n t a c t  pressure .  
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Coef f i c i en t  of thermal expansion specimens were prepared a t  the same t i m e  by 
c a s t i n g  each f i l l e d  Resin 3135 sample i n  0.4" I D  x about 2" long polyethylene 
tubing. Specimens were cured 48 hours a t  RT be fo re  t e s t i n g  over  the temperature 
range -320 t o  +32"F. Test procedures were those descr ibed previously,  except that  
a change t o  copper-Constantan thermocouples was made t o  improve r e l i a b i l i t y  (7). 
I n  a d d i t i o n ,  a mul t ip l e - junc t ion  "thermal" (8) o r  thermopile was employed. Data 
are shown i n  Table 15 and Figure 20. 

It was concluded from t h i s  f i l l e r  s tudy  t h a t  t h e  type of  f i l l e r  was probably 
more important t o  adhesive s t r e n g t h  a t  low temperature than t h e  thermal c o n t r a c t i o n  
of t h e  s p e c i f i c  f i l l e r .  All f i l l e r s  improved the low-temperature s t r e n g t h  o f  Resin 
3135; however, nylon (Zytel  .61) appeared t o  be f a r  s u p e r i o r .  Peel  s t r e n g t h  is 
shown i n  Table 16, Code 4,151 and Control .  

Because of t h e  promising r e s u l t s  obtained from f i l l e r s  i n  the  foregoing work, 
a d d i t i o n a l  s t u d i e s  were conducted. Polymeric f i l l e r s  (such a s  nylon, p o l y e s t e r ,  
polyvinyl a l coho l  , polyvinyl idene f l u o r i d e  and c h l o r i d e  , polytetrafluoroethylene, 
polycarbonate,  e tc .  ) and m e t a l l i c  f i l l e r s ( s u c h  as copper and lead, which exhibit good 
d u c t i l i t y  a t  low ternperature)were eva lua ted  with Resin 3135. The polyamide-to- 
epoxy-weight r a t i o  €o r  Resin 3135 w a s  changed from 50/50 t o  67/33 as suggested by 
t h e  s t u d i e s  i n  subsequent Sect ion X I I .  A l l  f i l l e r s  were employed a t  a loading 
r a t e . o f  3 3 . 3  p a r t s  p e r  hundred p a r t s  o f  r e s i n ;  cu re  was accomplished a t  room 
temperature and con tac t  p re s su re .  Table 16 shows t h e  r e s u l t s  o f  t h i s  work. 
Although none of the  f i l l e r s  performed as w e l l  as nylon i n  t e n s i l e  s h e a r  over  the 
temperature range from -320'F t o  RT, it w a s  i n t e r e s t i n g  t o  n o t e  that many demon- 
s t r a t e d  b e t t e r  p r o p e r t i e s  a t  -320°F than a t  RT. 
pee l ,  both a t  -320'F and RT. Inc reas ing  the polyamide content  o f  Resin 3135 and 
using nylon f i l l e r  d i d  n o t  r e s u l t  i n  t h e  improvements expected. 

Improvements were noted i n  See 

It was decided t o  s tudy t h e  e f f e c t s  o f  discrete nylon f i b e r s  as f i l l e r s .  It 
w a s  a n t i c i p a t e d  t h a t  a f i b e r  could c o n t r i b u t e  b e t t e r  r e i n f o r c i n g  e f f e c t s  than a 

and macerated by passing through t h e  n i p  of a t y p i c a l  rubber m i l l .  .The r e s u l t  
was r educ t ion  of t he  m a t e r i a l  t o  s h o r t ,  i nd iv idua l  nylon f i b e r s .  These were used 
a t  var ious loading rates t o  fill Resin 3135/7111 and t o  compare with d a t a  c o l l e c t e d  
f o r  Adhesive A.  Table 16 (Code t200, 201 , 202, and 205) shows the  r e s u l t s  of 
this  s tudy .  I n  gene ra l ,  the t e n s i l e  s h e a r  and tee pee l  a r e  q u i t e  comparable w i t h  
Adhesive A,and no outs tanding advantages are seen f o r  f i b e r  f i l l e r s .  

' small p a r t i c l e .  A nylon f a b r i c  m a t e r i a l  and a nylori f e l t  material were ob ta ined  

Resin 3147/7125 was used t o  r ep lace  the r e s i n  and cu r ing  agent i n  Adhesive A, 
which subsequently was f i i l e d  with 33.3 phr, 200-mes$ Zyte l  61 nylon powder. As shbwn 
i n  Table  1 6  (Code 8209), there w a s  a s l i g h t  i nc rease  i n  RT t e n s i l e  s h e a r  s t r e n g t h .  
I n  g e n e r a l ,  no particular advantages could b e  seen for t h i s  replacement. 

It was f u r t h e r  decided t o  s tudy  t h e  e f f e c t  of nylon f i l l e r  i n  a polyurethane 

Specimens were prepared by cu r ing  a t  
e lastomer adhesive.  
3 3 . 3  phr, was incorporated i.n t h e  elastomer.  
RT and contact  pressure.  Table 16  (Coda #271) shows the  recrults of t he  s tudy.  
Nylon f i l l e r  i n  a polyurethane elastomer does n o t ,  i n  gene ra l ,  enhance the  o v e r a l l  
adhesive p r o p e r t i e s ,  

Two-hundred-mesh powdered Zy te l  61 n y l o n s a t  a loading rate of 

3 

- 3  -- 
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Figure 20.  Ef fec t  of various fillers and loadings on the 
c o e f f i c i e n r  of l i n e a r  thermal expansion o f  Resin 3135 
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AT EXTREMELY LOW TEMPERATURE 

We ight  Tens i le  

Cur e 
Shear,* p s i  Rat io ,  

polyamide Code Adhesive System 
t o  Epoxy R.T. -320°F 

POLYMERIC FILLERS 

pvA Resin 3135, 33.3 phr Elvanol Days 3480 1440 

Days 2710 2947 

(200 mesh) polyvinyl  a lcohol  50/50 a t  RT 
Resin 3135, 33.3 phr Kynar 

50'50 a t  RT 
F luor ide  
Resin 3135, 33.3 phr Mylar 

50/50 a t  RT 
p h t h a l a t e  
Resin 3135, 33.3 phr Teflon 7 

50/50 a t  RT 
e thy lene 
Resin 3135, 33.3 phr Teflon 7 

5 0 / 5 0  a t  RT (200 mesh) t r e a t e d  with Na- 
amide, po ly te t ra f luoroe thylene  
Resin 3135, 33.3 phr Saran 723 

50'50 a t  RT 
c h l o r i d e  

2835 2032 Resin 3135, 33.3 phr Delrin 6 Days 
, * (200 mesh) a c e t a l  5 0 / 5 0  a t  RT 

Resin 3135, 33.3 phr Lexan Days 2810 1399 
, (200 mesh) polycarbonate 50/50 a t  RT 

Resin 3135, 33.3 phr Zyte l  6 1  * Days 3140 3180 
5 0 / 5 0  a t  RT 'ON- (200 mesh) nylon 

TRoL Adhesive A 
Resin 3135, 33.3 phr Zyte l  6 1  Days 2310 2760 

F 15' (200 mesh) nylon 67/33 a t  RT 
€Iour 2212 1804 Resin 3135, 33.3 phr poly- 

Caprolactone-propylene oxide 
and TP-440, 33.3 phr Teflon 7 

e thylene 
Same a s  :'AS", except 20 phr 

tetra f luoro e thy lene 

c KYNAR (200 mesh) v i n y l i d i n e  

Days 2875 1892 MYLAR (100 mesh) polyethylenetere-  

Days 2782 2895 C (200 meshj p o l y t e t r a f  luoro- 

Days 3170 2672 
El 

Days 3195 2492 G (200 mesh) polyvinylidene 

BC propylene (200 mesh) 5 0 / 5 0  a t  250°F 

AS (200 mesh) poly te t ra f luoro-  a t  250°F -- Hour 1620 4047 

-- Hour 1503 4687 AT Teflon-7 (200 mesh) poly- a t  250°F 

(Continued on 

TABU 16 

Tee P e e l y W  
lbs/ 1" 

R.T. -320°F 

3.0 2.5 

2.5 2.5 

7.5 6.0 

6.0 4.0 

7.5 5.0 

3.5 4.0 

5.0 5.0 

5.0 3.5 

2 .0  2.5 

5.0 2.5 

5.0 5.0 

40.0 15.0 

22.5 10.0 

next page) 
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TABLE 16 (Continued) 

Adhesive System 

(Continued on next page) 
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TABLE 16 (Continued) 

Adhesive System 

* Average of 4 specimens 

** Single specimens 
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Two-hundred-mesh Teflon 7 was etched i n  the s tandard sodium naphthalene 
s o l u t i o n  and subsequently used t o  f i l l  t h e  epoxy-polyamide Resin 3135/7111 
adhesive a t  a loading r a t e  of 33.3 phr. The r e s u l t s  (shown i n  Table 16) were 
n o t  8s gosd as tbose where t h e  Te€lonTIwas’ etnhedsIwith .sodium.amide. 

To add t o  t h e  f i l l e r  s t u d i e s  a l r eady  conducted, a commercially etched 
Teflon TFE powder was obtained and used t o  f i l l  t he  epoxy polyamide adhesive 
(Resin 3135/7111) a t  a loading rate of  33.3 phr. Table 16 shows t h e  da t a  
generated.  This f i l l e r  d i d  not  ap.pear as promising as o t h e r  grades of  Teflon, 
using adhesive s t r e n g t h  and toughness as t e s t  c r i te r ia .  

Polyurethane elastomers  (see Sect ion XV) were a l s o  f i l l e d  with 33.3, 67.7 
and 100 phr of unetched Teflon 7 f i l l e r .  The f i l l e r  d i d  not  improve t h e  t e n s i l e  
shea r  o r  tee peel s t r e n g t h s  o f  t hese  adhefiives, e i t h e r  a t  ambient o r  cryogenic 
temperatures.  

A. Se l ec t ion  of Adhesive A 

The adhesive c o n s i s t i n g  of  33.3 phr powdered nylon i n  an epoxy polyamide 
r e s i n ,  cured a t  RT and contact  pressure ( r e fe r r ed  t o  above and noted i n  Tables 
15 and 16 and Figures 1 7 ,  18 and 19), was s e l e c t e d  f o r  f u r t h e r  eva lua t ion  and s tudy 
i n  view of i t s  ease of p r o c e s s a b i l i t y ,  e x c e l l e n t  moderately low-temperature 
s t r e n g t h  p rope r t i e s  and f a i r  s t r e n g t h  and toughness a t  low temperature.  
system was designated as Adhesive A and la ter  designated as Narmco Resin 3170 
and Curing Agent 7133. 

This 

X I I .  A STUDY OF ROOM-TEMPERATURE-CURED EPOXY POLYAMINE ADHESIVE SYSTEMS FOR 
APPLICATION AT VERY LOW TEMPERATURE 

A. Weight Rat ios  of Epoxy t o  Polyamide Const i tuents  

Un t i l  now the  room-temperature-curing Resin 3135 epoxy-polyamide system was 

Obviously, t h e r e  was no way of knowing whether 
employed with only the manufacturer‘s recommended weight ratio of polyamine to 
epoxy c o n s t i t u e n t s ;  namely, 50/50. 
the s to i ch ime t ry  was optimum over  the temperature ranges of i n t e r e s t  here. It was 
also appreciated t h a t  o t h e r  r a t i o s  and o t h e r  epoxy and polyamine r e s i n s  with 
g r e a t e r  and lesser epoxide and amine equ iva len t s ,  r e s p e c t i v e l y ,  might o f f e r  advan- 
t ages  over the Resin 3135 system. It w a s  a l s o  des i r ed  t o  know the  low temperature 
p rope r t i e s  o f  epoxy r e s i n s  cured a t  room temperature w i t h  amines. 

The polyamine and epoxy c o n s t i t u e n t s  of  Resin 3135 were f i r s t  combined i n  t h e  
following weight r a t i o s  : 33/67, 50f50, and 67/33, r e s p e c t i v e l y .  T e n s i l e  s h e a r  
specimens were prepared with t h e  r e s u l t a n t  mixes by cu r ing  a t  room, temperature 
and contact  pressure using 4 - m i l  aluminum shim wires t o  c o n t r o l  g l u e l i n e  th i ckness .  
A series of o t h e r  polyamine and epoxy r e s i n s ,  considered worthy of eva lua t ion ,  
were then t r e a t e d  i n  i d e n t i c a l  manner. F i n a l l y ,  four  d i f f e r e n t  amine cu r ing  agen t s  
were evaluated a g a i n s t  one epoxy r e s i n .  
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Table 17 shows t h e  r e s u l t s  of th i s  work. Resin 3135 w a s  found t o  be t h e  
super €or epoxy-polyamine adhesive system. 
of 67/33 gave b e t t e r  low-temperature s t r e n g t h s  than t h e  50 /50  r a t i o ,  t h i s  f a c t  
was not  evident when used with nylon f i l l e r  (see Sect ion X I ) .  
epoxy weight r a t i o  was accordingly maintained a t  5 0 / 5 0 .  
epoxy r e s i n s  cured with amines w e r e  f a r  i n f e r i o r  t o  t h e  epoxy-polyamines. 

Although a polyamidel epoxy weight rat i o  

The polyamine t o  
The adhesive s t r e n g t h s  of 

B. Synthesis of New Polyamide Polymers 

It w a s  a n t i c i p a t e d  t h a t  improved adhesive performance a t  very low temperature 
could r e s u l t  from new polyamides and/or nylons, p a r t i c u l a r l y  i f  t h e  polyamides o r  
nylons were amine t e r m h a t e d  f o r  subsequent c r o s s l i n k i n g  with epoxy r e s i n s ,  and i f  
t he  polyamides o r  nylons were formed from unusually long chain d i b a s i c  a c i d s  and/or 
diamines . 
1. I n  a r e s i n  f l a s k  equipped wi th  s t i r r e r ,  thermometer, and h e a t i n g  mantle were 

placed 98.7 grams of Empol 1024 (consisting of 75% of a C36 d i b a s i c  a c i d  and 
25% of a C5 
11.0 grams 910% excess) of e thylene diemine a t  ambient temperature.  
completion of t h e  add i t ion ,  t h e  temperature was r a i s e d  t o  120°C for one hour 
while  passing a stream of n i t rogen  gas over the  r e a c t a n t s  t o  e n t r a i n  and 
remove water of polymerization. The r e a c t i o n  mixture  w a s  t hen  qu ick ly  cast 
and cooled t o  ambient temperature.  A small p o r t i o n  of t,he r e a c t i o n  mixture  

t o  250°F. 
amine groups were not capable  of copolymerizing with t h e  epoxy. 
probably due t o  s ter ic  hindrance,  i n c o r r e c t  s toichiometry,  o r  t h e  poor 
compa t ib i l i t y  t h e  polyamide showed f o r  t h e  epoxy. The polyamide w a s  no t  
considered promising f o r  f u r t h e r  evaluat ion.  

t r i b a s i c  a c i d ) .  To t h i s  were added (dropwise, with good s t i r r i n g )  
After 

. w a s  combined with an equ iva len t  weight of an epoxy r e s i n  (Epon 828) and heated 
The admixture could no t  be thermoset, i n d i c a t i n g  t h a t  the t e rmina l  

Th i s  was 

2. I n  a r e s i n  f l a s k  equipped wi th  s t i r r e r ,  thermometer, and h e a t i n g  mantle were 
placed 98.7 grams of Empol 1014 ( cons i s t ing  of 95% C d i b a s i c  a c i d ,  4% C54 
t z i b a s i c  ac id ,  clnd 1% monGbasic acid) .  To this ----- w e r e  a w e d  (dropwise, w i th  good 
s t i r r i n g )  12 .6  grams (10% excess) of d i e thy lene  t r i amine  a t  ambient temperature.  
A f t e r  completion of the  a d d i t i o n ,  t he  temperature w a s  r a i s e d  t o  120°C f o r  one 
hour while  passing a stream of d r i e d  n i t rogen  gas over t h e  r e a c t a n t s  t o  
e n t r a i n  and remove wacer of polymerization. The r e a c t i o n  mixture w a s  t hen  
qu ick ly  cast and cooled t o  ambient temperature. A small port iol l  of t h e  
r e a c t i o n  mixture  was combined w i t h  an equ iva len t  weight of an epoxy r e s i n  
(Epon 828) and heated t o  250'F. The admixture could n o t  be thermoset, 
i n d i c a t i n g  t h a t  t he  terminal  amine groups w e r e  not  capable of copolymerizing 
wi th  the  epoxy. A s  before,  t h i s  was probably due t o  s ter ic  hindrance,  
i n c o r r e c t  s toichiometry,  o r  t h e  poor Compatibi l i ty  t h e  polyamide showed f o r  
t h e  epoxy. The polyamide was n o t  considered worthy OF f u r t h e r  eva lua t ion .  

34  I 

3. In a r e s i n  f l a s k  equipped wi th  stirrer, thermometer, and hea t ing  mantle were 
placed 16.5 grams of Empol 1014 and 50.0 grams of Polyetherdiamine L-2000. 
A f t e r  blending, t h e  temperature was r a i s e d  t o  120"C, with good s t i r r i n g  for 
two hours. A stream of n i t r o g e n  gas was passed over t h e  r e a c t a n t s  t o  en- 
t r a i n  and remove water of polymeiization. The temperature w a s  r a i s e d  t o  
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168 
169 
170 

1 7 1  
172 
173 

174 

175 

176 

TABLE 17 

11 1) 18 100 50150 563 644 
I 1  1 1  18 202 67/33 114 326 

Versamid 125/Epi Rez 1 7  49.3 33/67 ias 1 1506 
5042 

II 1cc 50150 3689 1469 18 
11 II 67/33 1286 1250 18 202 

Diethylenetriaminel 18 12 121 100 3 84 4 10 

Tr ie thylene te t ra -  18 14 14/ 100 85 1 42 7 
amine/Epon 828 

1 7  25 25/ 100 5 46 4 10 Curing Agent T-1/ 
Epon 828 

1 7  30 301 100 2291 5 90 Curing Agent IJ/ 
Epon 828 

11 

Epon 828 

STUDY OF ROOM-TEMPERATURE- CURED EPOXY POLYAMIDE 
ADHESIVE SYSTEMS FDR APPLICATION AT VERY LOW TEMPERATURE 

* Average of 4 specimens 
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250°C €or  an a d d i t i o n a l  t h r e e  hours,  maintaining goad s t i r r i n g  and n i t rogen  
stream. The n i t rogen  was f i n a l l y  withdrawn and a vacuum ( h a  Hg) placed on 
t h e  system f o r  an a d d i t i o n a l  hour. 
cooled t o  ambient temperature.  
po r t ion  o f  t he  polyamide was combized with an equ iva len t  weight of  an epoxy 
r e s i n  (Epon 828) and heated t o  250 F. While the  polyamide was compatible 
with t h e  epoxy, it could not  be thermoset,  i n d i c a t i n g  s t e r i c  hindrance o r  
i n c o r r e c t  s toichiometry.  
s i d e r e d  worthy of f u r t h e r  evaluat ion.  

The r e a c t i o n  mixture was f i n a l l y  c a s t  and 
A small  A very viscous pol;v.=r was obtained. 

The high molecular weight polyamide was n o t  con- 

C .  Modified Epoxy Resins 

Because no s i g n i f i c a n t  advantage could be gained from t h e  preceding nylon- 
epoxy and epoxy-polyamide adhesive s t u d i e s  a t  extremely low temperature, a t t e n t i o n  
w a s  given t o  a series of p r o p r i e t a r y  modified epoxy r e s i n s .  These r e s i n s  are 
designated wi th  an lrX" followed by t h r e e  numerals, and are capable of cure  o r  
bonding a t  ambient temperature and con tac t  p re s su re .  Cure can be accomplished 
w i t h  amines and polyamines. 

Table 18 gives  the  formulat ion p a r t i c u l a r s  and s t r e n g t h  d a t a  f o r  t h e  46 systems 
which were s tud ied .  
and that a f t e r  even 12 days cu re  t i m e  a t  ambient temperature and con tac t  p re s su re  
t h e i r  s t r e n g t h s  were not worth f u r t h e r  i n v e s t i g a t i o n .  No f u r t h e r  work was conducted 
along t h e  l i n e s  of t hese  modified epoxy , r e s ins  cured with polyamines. 

It appeared t h a t  t hese  systems were quite s l u g g i s h  i n  curing, 

D.  Commercial Epoxy-Polyamide Adhesive 

A newer epoxy polyamide adhesive , Res  i n  3147 /7125, was eva lua ted  over  t h e  
tempereture range from -320 t o  +180°F f o r  comparison with the  Resin 3135/7111 
adhesive system. Having a lower v i s c o s i t y  and f a s t e r  cur ing t i m e ,  i t  was thought 
the system would o f f e r  d i s t i n c t  advantages.  The two components of t h e  system 
were mixed a t  equal p a r t s  by weight. 

Table 1 9  shows t h e - r e s u l t i n g  da ta .  
was more than twice t h a t  of Resin 3135/7111,and the tee peel  s t r e n g t h  a t  low and 
ambient temperature was appreciably b e t t e r .  
was somewhat of an improvement over Resin 3135/7111. 
promise f o r  low-temperature bonding a p p l i c a t i o n s .  

The t e n s i l e  s h e a r  s t r e n g t h  a t  -320°F 

The e l eva ted  temperature s t r e n g t h  
The system shows d e f i n i t e  

E .  Acid and Anhydride Cures f o r  Epoxy Resins 

It is a we l l - e s t ab l i shed  fact  t h a t  a c i d  and anhydride cures  w i l l  impart a 
very high degree of toughness t o  epoxy r e s i n s .  
systems r e q u i r e  e l eva ted  temperature cu r ing  cond i t ions .  It was thought t h a t  s u i t -  
a b l e  c a t a l y s i s  might b r i n g  t h e  curing c h a r a c t e r i s t i c s  i n  l i n e  w i t h  t h e  o b j e c t i v e s  
of  t h i s  program. It was a l s o  thought tha t  p a r t i a l  epoxy modif icat ion wi th  an a c i d  
a t  e l eva ted  temperature might be accomplished, followed by f i n a l  cure  with a poly- 
amine a t  ambient temperature.  

The b i g  drawback is  t h a t  such 

3 
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, 

c 

Curing Agent 7111 41.2 phr  
Same as C225, except  83.5 phr  
Same as #225, except  167 ph r  
X-297 100 P a r t s  
Curing Agent U 20 phr  
X-297 100 P a r t s  

Versamid 140 50}41.2 phr  N-Nethyl Morpholine 10 
Same as #229, except  83.5 phr  
Same as 1229, except  167 phr  

- 
Cod e 

- 
2 1 1  

2 12 
2 13 
2 14 

2 15 

2 16 
2 17 

11 12 10 165 2 3.0 
11 552 1 180 2.5 
I 1  1525 146 1 1.5 

11 2650 15 75 2 .0  

II 

11 
773 145 8 2 ,5  
373 894 2.0 

TABLE 18' 

EVALUATION OF MODIFIED EPOXY ADHESIVE SYSTEMS 
AT VERY LOW TEMPERATURE 

2 18 

2 19 
220 
22 1 

222 

223 
224 

225 

226 
227 

- 

228 

22 9 

230 
231 

(Continued on n e x t  page) 

Contac t  T e n s i l e  Shear  Tee P e e l  
P r e s s u r e  S t r eng th ,  p s i  S t r eng th ,  l b s /  1" 
Cure a t  
RT, days  R.T. -320°F R.T.* ; -320°F 

Adhesive Sys t e m  

* Not t e s t e d  because of poor performance at -320'F 

71  



TSble 18 (Continued) 

- 
Cod< 

- 
2 35 

236 
237 
238 

239 

2 40 
241 

242 

243 
2 44 
2 45 

246 

247 
248 

249 

25 0 
25 1 
25 2 

25 3 

1-.. 

25 4 
25 5 
_L 

Adhesive System 

Some as #23, except 50 phr 

K-298 100 P a r t s  
Curing Agent U 
8-298 
Versamid 140 
N-Methyl Morpholine 10 

Sme es t235, except 101 phr 

Same as 9242, except 50 phr 
Same as #242, except 101 phr 
X-299 100 P a r t s  
Curing Agent U 
X-299 100 Parts 
Versamid 140 
N-Methyl Morpholine 10 

X- 300 100 Parts 
Curing Agent U 

Versamid 140 
N-Methyl Morpholine 10 
Same as #253, except 83.5 phr \ 

X- 300 

3.5 1484 1714 I t  

Same a s  #253, except 167 phr 11 410 7 34 1.0 

(Cont h u e d  on next  page) 

* Not t es ted  because of poor performance a t  -320°F 
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TABLE L8 (Continued) 

2325 

Code 

1320 
25 6 

25 7 

25 8 

25 9 

2152 

2660 

Adhesive System 

1318 

1466 

X-301 100 Parts 
Curing Agent 7111 100 phr 

X-302 100 Parts 
Curing Agent 7111 100 phr 

X-303 100 Parts 
Curing Agent 7111 100 phr 

X-304 100 ?arts 
Curing Agent 100 phr 

Contact 
Pres sure 
Cure a t  
RT, Days 

3 -6 

3-6 

3 - 6  

3-6  

:ens i le  Shear: 
itrength, p s i  

R . T .  I -320°F 

22751 1544 

* Not t e s t e d  because of poor performance a t  -320°F 

Tee 'Peel 
Strength , lbs / 1" 

R .T .* -320 O F  

3 .O 

2 .o 

2.5 

2 .o 
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TABLE 19 

-320°F R.T. 

A STUDY OF EPOXY POLYAMIDE ADHESIVE SYSTEMS 
AT VERY LOW TEMPERATURES 

-320°F 

Code 
NO. 

85 phr MNA 
Epon 8 2 8  

Adh e s i v  e 

65  hrs 
@150°F 

Cure @ 
RT, days 

1% 
135 phr 

-.In 
UL'U - 3c 
DSA 
Epon 8 2 8  

I I 

Comer c i a  1 Epoxy- Po lyami d e Adh e s i v  e 

6 I -- I Resin 314717125 

65 h.rs 
@150°F 

- 
277 

- 
2 7 8  

- 
279 

- 
282 

- 
283  

2 84 

2 85 

- 
- 

- 
2 86 

DEN 438 
DMP- 30 1% 
Epon 812 100 pbw 67  

Versamid 125 33 
Same as 8282,  except 67 

Same as  #282, except 136 

Adipic Acid 14 pbw 

pbw Versamid 12.5 

pbw Versamid 125 
Epon 8 2 8  100 pbw 
Adipic Acid 44.4 

@150°F 

7 

7 

7 

17.5 hr: 
@300°F 

DMP- 30 1% I 
"PA 85 phr I 65 h r s  

DBVIII 5 
Epon 828  1OC pbw 
Azelaic  Acid 5 7 . 0  

17.5 hr :  
@300"F 

DMP- 30 1% I 
MNA 101 phr I 65 h r s  

D B V I I I  5 I 

Tensile Shear Tee P e e l  Strength,  I ibs/  1" Strength,  p s i  

- ~~~ ~ 

I 1778 I 3887 
(+125"F 1281) 

3.0 

i + i 8 0 ° ~  498) 

I 
--- 

La& I 2410 I 

7 
2028 1537 

I I --- 2 20 529 

R.T. 

1.8 

(Continued on next page) 
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TABLE 19 (Continued) 

Low Viscos i ty  Polyamides 

346 Genamid 2000/Epon 828,30/ 70 
347 Genamid 250/Epon 828, 35/65 

14 1044 1458 -e- - -- 
14 1025 2109 --- --- 
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The r e s u l t s  of t h i s  work a r e  a l s o  shown i n  Table 19.  The epoxy-acid/anhydride 
r e a c t i o n  could not be made t o  proceed a t  RTowith c a t a l y s i s  (DMP-30 and DBVIII). 
Curing 65 hours a t  150°F o r  1 7  hours a t  300 F d i d  not y i e l d  promising liqu-id n i t r o -  
gen temperature bond s t r e n g t h s .  P a r t i a l  modif icat ion of the  epoxy with a d i p i c  a c i d  
a t  e l eva ted  temperature, followed b37 completfon of the wre with a polyamide a t  room 
temperature, d id  not  prove promising. 

F. Low Viscosi ty  Polyamides 

Two very low v i s c o s i t y  polyamide r e s i n s  were obtained and used w i t h  an epoxy 
r e s i n  for bond p repa ra t ion ,  
f i l l e r  loading rates,  reduced bonding p res su re ,  and poss ib l e  faster r e a c t i o n  rates.  
The d a t a  are shown i n  Table  1.9, 
p r o p e r t i e s  than polyamides previously s t u d i e d .  
t h e s e  materials. 

The low v i s c o s i t y  was expected to al'low €or  higher  

These r e s i n s  gave poorer ambient and -320'F physical  
No f u r t h e r  work w a s  conducted with 

L. 

G. T r i f u n c t i o n a l  Epoxy Resins 

A t r i f u n c t i o n a l  epoxy r e s i n  was obtained (Shell. X-801) and * s e d  w i t h  an amine 
(She l l  2) and a l s o  a polyamide (Versamid 125) f o r  l a p  s h e a r  specimen p repa ra t ion  
by curing a t  room temperature  a t  con tac t  pressuEe. Because a l l  RT cured adhesives  
t o  d a t e  have shown r a t h e r  poor s t r e n g t h  a t  +180 I?, it was a n t i c i p a t e d  t h a t  t h e  
t r i f u n c t i o n a l i t y  of t h i s  system would produce a t i g h t e r  c r o s s l i n k ,  w i th  a t t e n d a n t  
improvement i n  e l eva ted  temperature propert . ies.  

Bonded specimens employing Resin 3135/7111 were a l s o  prepared f o r  c o n t r o l  
purposes. 
t o  produce a marginal improvement i n  1.80"F t e n s i l e  shea r  s t r e n g t h  when compared 
with the con t ro l .  The 
RT and -320'F t e n s i l e  s h e a r  s t r e n g t h  were q u i t e  cdmparable with t h e  c o n t r o l .  

The da ta  a r e  shown i n  Table 20. The t r i f u n c t i o n a l  epoxy r e s i n  tended 

The polyamide produced a b e t t e r  cure than t h e  amine. 

X I I I .  STUEY rjF TNtQVE ADHESIVE SYSTEMS CONSISTING OF ELASTOMER SUBSTRATES IN 
RESIN MATRICES FOR APPLICATION AT VERY LOW TEMPERATURE 

A. Polymeric Subs t r a t e s  

Some new and unique concepts i n  adhesive bonding and t h e i r  e f f e c t  on s t r e n g t h  
a t  very low temperature were s t u d i e d .  
or  placement of r e l a t i v e  adhesive c o n s t i t u e n t s  i n  a g l u e l i n e  during a bonding 
operat ion.  For example, i f  t he  adhesive systems c o n s i s t s  of a nylon and an epoxy 
r e s i n ,  then i t  would be p o s s i b l e  t o  maintain each of  t h e s e  a s  s e p a r a t e  and d i s c r e t e  
res inous c o n s t i t u e n t s .  
membrane f i l m  o r  s u b s t r a t e  and bond it, i n  tu rn ,  t o  each faying s u r f a c e  of t h e  ad- 
herend with an epoxy r e s i n .  
might be coated with nylon by some s u i t a b l e  technique and subsequently adhered, 
one t o  the other ,by means of  an epoxy r e s i n  adhesive s u b s t r a t e .  See F igu re  21. 

One concept was t h e  physical  o r i e n t a t i o n ,  

One o r i e n t a t i o n  might be t o  employ t h e  i y l o n  as a t h i n  

Conversely,each faying s u r f a c e  o f  t he  adherend I 

i . 
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Code No. 

Control 

1354 

P355 

TABLE 20 

TRIFUNCTIONAL EPOXY KESIN ADHESIVE SYSTEMS 

R e s i n  3135/7111 

Epon X-801/Versamid 125, 
5 0 / 5 0  

Same as 1354,  except  
50/ 85 

Same as #354, except  
SO/ 120 

Epon X-801/Shell Z ,  
100/ 34 

- 
Cure 
@ RT 
Days 

8 

14 

- - 

14 

14 

11 

T e n s i l e  Shear Strength, 
p s i  

-320°F 

1480 

1320 

1400 

1496 

45 9 

R. T. 

3262 

3320 

3632 

3380 

874 

~~ ~ 

+180°F 

454 

6 16 

5 70 

399 

394 
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E la s tomer ic 

ADHEREND 

Resin Matrices 
for Attaching 
Substrate Film 
to Adherends 

Figure 21. Cross Section of Composite Adhesive Sys  tern 
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It has been pointed out that adhesives must demonstrate good strength 

I (tensile shear) as well as toughness (tee peel). Usually, good strength pre- 
supposes one type of adhesive, and good toughness another; thus, in most 
adhesives two basic constituents are generally required (i.e., a rigid resin 
for strength, and an elastomer for toughness). Obviously, the relative place- 
ment of these multiconstituents, whether in homogeneous solution or heterogeneous 
form as resins and fillers, is very important to adhesive strength. 

\rarious polymeric films selected as  substrates were nylon, tetrafluoro- 
ethylene, f luoroethylene propylene, chlorotrif luoro ethylene, polyvinyl fluoride, 
silicone rubber, chlorobutyl rubber, hexafluoropropylene and vinylidine fluoride 
copolymer, vinylidene fluoride, urethane rubber, urethane esters, chlorosulfonated 
polyethylene, vinylidene chloride, and epoxy polyamide resin. Resin adhesives 
o r  matrices, for bonding the substrate to the adherends were Narmco Resin 3135 
(epoxy polyamine), Metlbond 406 and 409 (nylon epoxy), unmodified nylon, and 
cyanoacrylate. 

It was felt necessary to include the following selected variables in this 
study of composite adhesives so that as much helpful information as possible in 
developing a new adhesive might be gathered: 

L' 

1. 

2. 

3. 

4 .  

5. 

6 .  

As many substrate materials as possible having good low-temperature 
properties so that selection of the best materials could be measured 

Resinous adhesives for attaching the substrates to adherends vhich 
would develop optimum properties (nylon epoxy), even though the bonding 
techniques might be quite rigorous; also, types which required moderate 
bonding techniques (epoxy polyamide) 

Effect of thickness of the Substrate film on adhesive strength 

Effect .of multiple substrate layers on adhesive strength 

Effect of crystallinity of substrate on adhesive strength 

Effect of substrate surface treatment on adhesive strength 

Table 21, Groups 1-16, shows the extremely interesting results obtained from 
this study. The particular compounding formulas are outlined. Curing was accom- 
plished at room temperature and contact pressure unless otherwise noted. 

A promising adhesive system (Code 9134, Table 21) consisting of two 1-mil 
substrate layers of Teflon FEP, Type A ,  with a sodium-naphthenate surface treat- 
ment and bonded to adherends with a room-temperature-curing epoxy polyamide 
adhesive (Narmco Resin 3135 and Curing Agent 7111) has been found to give a 20.0 
lbs/l" tee peel strength at -320- -- higher than any existing or experimental 
adhesive system known at this point. Since tee peel strength at- low temperature 
is a coomon weak point of all existing adhesives, it is felt that this system is 
quite outstanding. The RT t e e  peel strength of this system is not too high, but 
might be adequate, particularly in view of the extrsmely good low-temperature 
properties. The tensile shear strength at RT and -320OF are good (2185 psi and 
4012 psi, respectively). 
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TABLE 21 (Continued) 

#I38 Adiprene C 
MBTS 
MBT 
Activator RCD 2098 
Sulfur 

#90 Viton A.HV 
MgO 
Diak No. 1 

892 Hypalon 40 
Epon 828 
MBIlS 
Tetrone A 

* Average of four ( 4 )  specimens 

** Single specimens 
*.k* 

A l l  bonding pressures were 25 p s i .  

Failure i n  metal adherends ( i .  e . ,  "pull-out" of 3/8 ) 

100 
4 
1 
.35 
* 75 

100 
15 
1 

100 
15 

.5 
1.5 

Elastomer 

I 
#89 Chlorobutyl MD-551 

I MgO 

j 

Benzothiazyl Disulfide 
Tetramethyl Thiuram D i s u l f  i d  
ZnO 

~ 

#91 Syntex 3398 
Manganese Naphthenate 6% 
A c t  iv- 8 

#93 Thiokol FA 
MBTS 
2 nO 

Above substrate formulations a l l  cured 30 minutes a t  310°F. 

- 
LOO 

2 
2 
I 
3 

6 19 
.6 
. 2  - 

100 

10 
. 3  
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Other s u b s t r a t e  materials , including Kel-F, Adiprene C ,  etc. , demonstrated 

very good p o t e n t i a l  i n  composite adhesives f o r  a p p l i c a t i o n  a t  extremely low 
temperature.  The success t h a t  e las tomeric  s u b s t r a t e s  have contr ibuted t o  tough- 
ness of  these adhesives a t  low temperature can probably be a t t r i b u t e d  t o  the 
comparatively good elongat ion of such m a t e r i a l s .  

It w a s  extremely encouraging t o  note  that the  room-temperature-curing epoxy 
polyamine r e s i n  y i e lded  almost equivalent  data  t o  t h e  nylon-epoxy when used f o r  
bonding s u b s t r a t e s  t o  adherends i n  composite adhesives .  When t h e  composite adhe- 
sive i s  s t r e s s e d  i n  t ens ion  ( t e n s i l e  shea r ) ,  t h e  whole cross  s e c t i o n  func t ions  
as a homogenous material and the  f a i l u r e  occurs a t  t h e  weakest point  -- the su r face  
t reatment  on the fluorocarbon p l a s t i c  f i lm,  f o r  example. When t h e  composite 
adhesive is s t r e s s e d  i n  peel  ( t e e  pee l ) ,  the  components of  t he  composite funct ion 
indepeLidently and the elastomeric  s u b s t r a t e  tends t o  r e d i s t r i b u t e  s t r e s s e s ,  with f a i l -  
ure  occur r ing  a t  t h e  same point a s  i n  tension.  This i s  f o r t u n a t e , f o r  it allows 
use of t h e  epoxy polyamine sys tem with a t t e n d a n t  s i m p l i f i e d  processing and with- 
out  s i g n i f i c a n t  s a c r i f i c e  t o  physical  p r o p e r t i e s .  

The e f f c c t  o f  thickness  of s u b s t r a t e  f i l m s  was s t u d i e d  i n  t h e  cases of Teflon 
FEP and Kel-F. Although n o t  completely conclusive,  an inc rease  I n  f i lm  th i ckness  
from 1 t o  10 m i l s  tended t o  reduce tee peel s t r e n g t h  a t  -320OF from 15.0 t o  5.0 
l b s / l ” .  The t e n s i i e  shea r  s t r e n g t h  a t  RT and a t  -320’F tended t o  be lowered by 
an inc rease  i n  f i l m  th i ckness .  The e f f e c t  of  m u l t i p l e  s u b s t r a t e  l aye r s  was even 
less conclusive;  however, m u l t i p l e  l a y e r s  tended t o  reduce t e n s i l e  shear  s t r e n g t h  
and,at  t he  same t ime, increase the  peal s t r e n g t h .  

Kel-F f i l m  was obtained i n  approximate thickness  of 4 m i l s  i n  o rde r  t o  s tudy 
c r y s t a l l i n i t y .  
h a l f  hour -- s l i g h t l y  above the so f t en ing  p o i n t .  
qu ick ly  cooled by quenching i n  water. 
small  c r y s t a l s  and y i e l d  t h e  most amorphous m a t e r i a l  a t t a i n a b l e  (9) .  The appear- 
ance of t h e  r e s u l t a n t  f i l m  revealed a d i s t i n c t  degree of c l a r i t y ,  i n d i c a t i n g  t h a t  
rapid cooling had prevented excessive crystal growth. The other piece o f  f i l m  
was cooled slowly i n  the  oven (50°F/hour) t o  allow t h e  growth o f  comparatively 
l a rge  c r y s t a l s .  The appearance of  t he  r e s u l t a n t  f i lm  was opaque. Each f i l m  was 
given a sodium-naphthalene surface treatment f o r  bonding. This was followed by 
bonding the  s u b s t r a t e  f i l m  i n  a g l u e l i n e  using Resin 3135 epoxy polyamine adhesive 
and curing a t  room temperature.  
r eve r se  fr2m a n t i c i p a t e d  r e s u l t s .  
lower -320 F t e e  peel  s t r e n g t h  and higher  -320°F t e n s i l e  shea r  s t r e n g t h  than t h e  
c r y s t a l l i n e  material. 

Two pieces  o f  t h i s  f i lm  were heated i n  an oven a t  500’F f o r  one- 
One piece was withdrawn and 

This procedure i s  s a i d  t o  produce very 

Tes t ing  of these  specimens y i e lded  q u i t e  t h e  
The non-c rys t a l l i ne  o r  au.orphous m a t e r i a l  gave 

The margin of d i f f e r e n c e ,  however, was q u i t e  small. 

A s tudy of su r face  t reatment  f o r  fluorocarbon p l a s t i c  s u b s t r a t e s  included 
sodium-naphthalene ( L O ) ,  sodium-amide (11) and a cementable s u r f a c e  a p p l i e d  by t h e  
manufacturer t o  t h e  Teflon FEP, Type Exp. 544. 
t h e  l abora to ry  but f a i l e d  t o  l eave  a deposi t  on the  f i l m s .  
was i n e f f e c t i v e  f o r  bonding. It w a s  found t h a t  t h e  cementable s u r f a c e ,  Type Exp. 
544, was equivalent  i l l  every way t o  t h e  sodium-naphthalene s u r f a c e .  
commercially a v a i l a b l e ,  i t  should be recommended. 

The sodium-amide was app l i ed  i n  
The r e s u l t a n t  t reatment  

Sicce i t  i s  

i 
Some a d d i t i o n a l  data  have been reported f o r  polymeric composite adhesive 

s y s t e m  a t  cLyogenic temperature by Lockheed-Georgia Company, Mgriet ta  , Georgia (12). 
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B. Se l ec t ion  of  Adhesive B 

The adhesive c o n s i s t i n g  of two 1 - m i l  s u b s t r a t e  f i l m s  of Teflon FEP, Type 544, 
bonded a t  RT and contact  pressure i n  a n  epoxy-polyamide r e s i n  matr ix  with Narmco 
Resin 3135 and Curing Agent 7 l l ( r e f e r r e d  t o  i n  Table 21 ,  Code C134) was s e l e c t e d  
€or f u r t h e r  eve lua t ion  and s tudy  because it demonstrated the  bes t  a l l -around 
balance of strength-to-toughness p rope r t i e s  over t h e  temperature range from ambient 
t o  -423°F of any room-temperature cur ing adhesive evaluated.  
designated as Adhesive B .  

This system was 

C.  Improvement S tud ie s  fn r  Composite Polymeric Adhesives 

Resin 3147/7125 was used t o  r ep lace  the  Resin 3135/7111 epoxy polyamide i n  
Adhesive & and subsequently u t i l i z e d  two l - m i l  s u b s t r a t e  f i lms of  Teflon FEP, 
Type 544. Tensi le  s h e a r  and tee peel s t r e n g t h s  were appreciably lower than i n  
Adhesive B, both a t  ambient and low temperature.  No advantage could be seen f o r  
the r e s i n  replacement. See Table 21 (Code #210). 

Further work with Adhesive B ( t h e  composite system c o n s i s t i n g  of two s u b s t r a t e  
f i lms  of 1 - m i l  Tef lon FEP, Type 544, i n  an epoxy-polyamide r e s i n  matr ix)  r evea led  
considerable  da t a  scatter i n  tee pee l  s t r e n g t h .  The bonds tended t o  f a i l  i n  adhe- 
s i o n  t o  t h e  cementable Teflon s u r f a c e ,  and it was d i f f i c u l t  t o  maintain t h e  20.0 
l b s / l "  tee peel  s t r e n g t h  o r i g i n a l l y  quoted. Therefore,  it w a s  suspected t h a t  the 
cementable su r face  of the Tef lon  v a r i e s  from batch t o  batch o f  f i l m .  T e n s i l e  shea r  
s t r e n g t h  d i d  not  appear t o  be  no t i ceab ly  a f f ec t ed .  

It w a s  o r i g i n a l l y  r epor t ed  t h a t  a sodium naphthalene su r face  of  Teflon FEP 
w a s  every b i t  equ iva len t  t o  t h e  Type 544 su r face .  This  was found t o  be inaccura t e  
when t h e  q u a l i t y  o f  t h e  Type 544 s u r f a c e  v a r i e s .  An experiment was performed t o  
check t h e  q u a l i t y  of a ques t ionsb le  l o t  o f  1 - m i l  Teflon FEP, Type 5 4 4 .  
shear and tee peel specimens were prepared with Adhesive B ,  u t i l i z i n g  t h e  l o t  of 
ques t ionab le  f i lm  as c o n t r o l .  
e t c h  and specimens were prepared f r o n  them, u t i l i z i n g  Adhesive B techniques.  
d a t a  are compared i n  Table 21. 

T e n s i l e  

The same f i l m  was giveii a sodicm naphthalene 
The 

It was concluded t h a t  the batch of Type 544 Teflon FEP f i lm  under ques t ion  
was .indeed f a u l t y .  
a sodium naphthalene e t c h  d i d  not  improve adhesion. 

It could no t  be adhered-to s u f f i c i e n t l y  by i t s e l f ,  and 

Since t h e  cementable s u r f a c e  of  t h e  Teflon PEP, Type 544, was suspected t o  vary 
i n  qual . i ty ,  it was thought t h a t  o t h e r  s u r f a c e s  might cause b e t t e r  adhesion. 
c a l l y  pure aluminum was vacuum-deposited i n  our l a b o r a t o r i e s  on both s i d e s  of 
Teflon FEP, Type 544,  f i l m .  It was a n t i c i p a t e d  t h a t  the adhesion of aluminum t o  
t h e  Teflon might be b e t t e r  than t h e  adhesion of  t h e  epoxy-polyamide r e s i n  now 
being employed. T e n s i l e  s h e a r  and tee peel  specimens were prepared i n  a manner 
s imi l a r  t o  Adhesive B and t e s t e d  a t  ambient and l i q u i d  n i t rogen  temperatures.  
These d a t a  a r e  a l s o  r epor t ed  i n  Table 4 ,  Code #274. Meta l l i z ing  t h e  s u r f a c e  of 
Type 544 Teflon d id  not improve the  bondab i l i t y .  Fu r the r  work i n  t h i s  p a r t i c u l a r  
a r e a  w a s  not  conducted. 

Chemi- 
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Since Adhesive B has performed exceedingly w e l l  a t  extremely low temperature,  
i t  was thought t h a t  f u r t h e r  improvement i n  t h e  composite adhesive might be e f f e c t e d  
by r ep lac ing  the epoxy-polyamide r e s i n  wi th  a polyurethane r e s i n  f o r  adhering the 
fluorocarbon s u b s t r a t e  f i lms.  Test specimens(Code #268, 269, and 270)were prepared. 
S imi l a r ly ,  i t  was thought t h a t  a polyurethane r e s i n  might be b e t t e r  f o r  adhering 
m e t a l l i c  s u b s t r a t e  f i lms  than t h e  epoxy-polyamide system. The metal l ic  s u b s t r a t e s  
were chemically pure l ead  and t i n .  
prepared. T e n s i l e  shear  and tee peel  tests were made a t  -320'F and RT. 
are shown i n  Table 21. 

Test specimens(Code #260 and 261) were accordingly 
The da ta  

c 

Replacing the  epoxy-polyamide r e s i n  with a polyurethane elastomer i n  Adhesive B . 
and where meta l l ic  s u b s t r a t e s  were used d i d  not  improve the s t r e n g t h  o f  composite 
adhesives . 

Films o f  Kel-P 81 and 82 were obtained i n  thicknesses  ranging from 4 t o  10 m i l s .  
These were given t h e  s t anda rd  sodium-naphthalene e t c h  and subsequently used a s  s i n g l e  
s u b s t r a t e s  i n  an epoxy-polyamide ma t r ix  (Resin 3135 and Curing Agent 7111) f o r  bonding 
7075-T6 bare  aluminum. The r e s u l t a n t  da t a  are a l s o  shown i n  Table 21. The bond 
s t r e n g t h s ,  p a r t i c u l a r l y  t h e  peel  s t r e n g t h s ,  were n o t  a s  good a t  extremely low t e m -  
pe ra tu re  as those with Teflon FEP. 

I n  another  experiment, 1 - m i l  Teflon FEP, Type 5 4 4 ,  vas heat-fused t o  t h e  adhe- 
rend s u r f a c e s  of t e n s i l e  s h e a r  and tee p e e l  specimens. 
subsequently bonded a t  room temperature and con tac t  p re s su re  with Resin 3135 and 
Curing Agent 7111.  The adhesive s t r e n g t h  and toughness were f a r  i n f e r i o r ,  both 
a t  ambient and very low temperature,  than when t h e  Teflon was employed as a sub- 
s t r a t e  f i lm,  as, f o r  exarnple,Adhesive B .  The r e s u l t s  a r e  shown i n  Table  21. 

The coated m e t a l  was then 

Discussions were held w i t h  DuPont people regarding the bondable s u r f a c e  of  
Teflon FEP, Type 544, r e s u l t i n g  i n  t h e  following comments: 

a .  The Type 544 cementable su r face  is  app l i ed  t o  the  f i lm  i n  a 2 - s t ep  process .  
The side treated first is layed against the separator end wound towards 
the core of the  r o l l .  The s i d e  t r e a t e d  l a s t  is on the  o u t e r  s i d e  of t h e  
r o l l .  

b .  The Type 544 s u r f a c e  may be q u i t e  pe r i shab le  ( i . e . ,  the  s i d e  t r e a t e d  
f i r s t  may be less e a s i l y  adhered-to than t h e  s i d e  t r e a t e d  l a s t ) .  

c. Users a r e  cautioned t o  avoid contamination of t h e  cementable s u r f a c e s ,  
p a r t i c u l a r l y  where one s i d e  is bonded before  the  other. .  

d .  S t r e t c h i n g  o f  t he  f i l m  is  reported t o  r e s u l t  i n  poorer adhesion than i f  
t h e  f i lm  i s  not  s t r e t c h e d  p r i o r  t o ,  o r  during,  t he  bonding ope ra t ion .  

Past experience has shown t h a t  Teflon TFE with a sodium amide o r  sodium naphth- 
a l ene  etched s u r f a c e  will hold a water f i l m .  Th i s  is a necessary requirement for 
most adhesive bonding, p a r t i c u l a r l y  f o r  metal s u r f a c e s .  However,, t h i s1  was not found 
t o  be t r u e  with t h e  Type 544 cementable s u r f a c e  of Teflon FEP. An experiment was 
conducted t o  make t h e  Type 544 s u r f a c e  hold a water f i lm.  The f i l m  was cleaned 
wi th  a sodium dichromate s u l f u r i c  a c i d  s o l u t i o n  i d e n t i c a l  to  t h a t  used f o r  clean- 
i n g  7075-T6 aluminum alloy adherends. The f i l m  subsequently held a water film; 
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however, when bonds were made wi th  i t  i n  a manner used f o r  Adhesive B y  t h e  bond 
s t r e n g t h s  were considerably poorer than p r i o r  t o  such t reatment .  
shown i n  Table 21. 

Resu l t s  are 

Another experiment was conducted t o  determine the  e f f e c t  of s t r e t c h i n g  l - m i l  
Tef lon FEP, Type 544, on adhesive s t r e n g t h .  The f i l m  was s t r e t c h e d  50% (half  
again i t s  o r i g i n a l  l e n g t h ) ,  then two such f i lms laminated i n  an epoxy-polyamide 
ma t r ix  between 7075-T6 bare  aluminum adherends using a RT cure a t  contact  pressure.  
The r e s u l t s  a r e  a l s o  shown i n  Table 2 1  under "Composite Adhesive Systems .I1 
concluded t h a t  s t r e t c h i n g  s i g n i f i c a n t l y  reduced the a b i l i t y  t o  adhere t o  Teflon 
FEP, Type 544. 
ence i n d i c a t e s  t h i s  could not be r e spons ib l e  f o r  the reduced adhesive s t r e n g t h  
noted.  

It was 

While s t r e t c h i n g  r e s u l t e d  i n  reduced f i l m  thickness  , pas t  expe r i -  

c 
No s o l u t i o n  has been found t o  a s s u r e  the  r e l i a b i l i t y  of adhesion t o  cem- 

e n t a b l e  Teflon f i lm .  

Commercial'Ly-etched grades of 1 - m i l  Teflon FEP and l - m i l  Kel-F f i l m s  were 
obtained for t h e  purpose of comparison with e x i s t i n g  d a t a  when employed i n  composite 
adhesives .  A commercial e t chan t  f o r  halocarbons (Bondaid) was a l s o  obtajned and 
app l i ed  t o  l - d l .  Teflon FEP, Type A. 
posite adhesive and the da ta  compared w i t h  e x i s t i n g  d a t a .  

The r e s u l t i n g  f i l m  w a s  employed i n  a com- 

Table 2 1  shows the r e s u l t s  of t h i s  work. The conmercially-etched f i l m  of 
Teflon FEP and Kel-F showed poorer adhes ive  p r o p e r t i e s  ( p a r t i c u l a r l y  pee l  s t r e n g t h  
a t  very low temperature; than da ia  a l r e a d y  presented f o r  o t h e r  f i lms .  
e t chan t  f o r  Teflon PEP d i d  n o t  produce as good results 6s t he  Type 544 commercial 
t reatment .  

The commercial 

A room temperature cur ing p o l y e s t e r  r e s i n  was used to r ep lace  t h e  epoxy poly- 
amide r e s i n  i n  the composite system Adhesive B f o r  laminat ing t h e  Teflon f i l m s  
i n  the g l u e l i n e .  
r e s u l t s  than t he  epoxy polyamide resin. 

Table 21 shows t h a t  the p o l y e s t e r  produced f a r  i n f e r i o r  adhesive 

A commercial grade of polyurethane f i l m ,  probably based upon TexFn,* was 
obtained and used f o r  composite adhesive bonding wi th  Resin 3135/7111. 
a r e  shown i n  Table 21. N o  advantage could be seen i n  us ing  polyurethane s u b s t r a t e s  
i n  bonding. 

I The d a t a  

D .  M e t a l l i c  Subs t r a t e s  

Because of  the v e r y  e x c e l l e n t  adhesive p r o p e r t i e s  demonstrated by t h e  fo re -  
going s u b s t r a t e  f i lms a t  extremely low temperature,  it was q u i t e  n a t u r a l  t o  
seek o t h e r  n a t e r i a l s  w i t h  'betzeer elongation i n  hopes t h a t  the hee p e e l  
might be upgraded. The chloro-f luorocarbons and fluorocarbons a t  very beat  have 
an elongat ion of 0 (13) t o  0.5 (14) i n  a Z"-gage-length a t  -320'F. By d i r e c t  
comparison, some metals have very a t t rac t ive  low temperature p r o p e r t i e s .  It was 
thought t h a t  some of  these might perform extremely w e l l  as elastomer s u b s t r a t e s  i n  
r e s i n  ma t r i ces  f o r  adhesive systems designed f o r  very low temperature.  Pure l e a d ,  

Wobay Chemical Co. 
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f o r  example, has a n  e longat ion o f  about 36% (13) a t  -320OF. 
elongat ion o f  l ead  inc reases  on lowering the  temperature from -320'F to  -423°F. 
Other promising metals include t i n  and copper. It w a s  f e l t  t h a t  t h e  advantages 
i n  e longat ion which these  materials had over polymers could be made t o  enhance 
the tee peel c h a r a c t e r i s t i c s  oE adhesives a t  very low temperature.  

I n  f a c t ,  t h e  

I n  t h i s  second s tudy  of s u b s t r a t e  f i lms,  the following metals were s e l e c t e d  : 
copper,  l ead ,  t i n ,  and cadmium. A l l  were commercially pure.  The copper was 
obtained as a 2-mil f i lm;  the o t h e r  f i lms were produced by r o l l i n g  on a conveii- 
t i o n a l  l abo ra to ry  m i l l .  It was expected t h a t  some o f  t hese  metals would be 
d i f f i c u l t  t o  bond t o ,  so s e v e r a l  su r f ace  t reatments  were evaluated.  Copper 
was given a n i t r i c  a c i d  e t c h ,  and a n i t r i c  a c i d  and f e r r i c  c h l o r i d e  t reatment .  
Lead w a s  given t h e  same treatment and, i n  a d d i t i o n i a  b r i g h t  s i l v e r - p l a t e .  Tin 
and cadmium were used without t reatment .  Lead was evaluated i n  t h e  annealed es 
well as unannealed condi t ion t o  gain t h e  maximum low temperature e longa t ion .  

Two r e s i n  ma t r ix  systems were employed -- Metlbond 406 nylon-epoxy with a 
350°F cure ,  and Resin 3135 epoxy polyamine wi th  a 'room temperature cu re .  
It w a s  r e l t  t h a t  t h e  former system would al low s t r e s s i n g  t h e  m e t a l  s u b s t r a t e  
f i l m  t o  i t s  u l t i m a t e  s t r e n g t h ,  whereas the  l a t t e r  system most c l o s e l y  approximates 
the  non-production-line type of adhesive sought by NASA i n  th i s  work. 

The second por t ion  of  Table 21, Groups 17-20, g ives  the r e s u l t s  of  t h i s  s tudy .  
I -  None o f  t h e  composite adhesives employing m e t a l l i c  f i lms  as elastomer s u b s t r a t e s  

performed a s  w e l l  as t h e  fluorocarbon s u b s t r a t e s .  Th i s  w a s  t r u e  f o r  t e n s i l e  s h e a r  
a s  w e l l  as tee p e e l ,  both a t  RT and -320'F. 
t o  be l a r g e l y  t h e  i n a b i l i t y  t o  adhere s u f f i c i e n t l y  t o  the s u b s t r a t e  w i th  po:Ly- 
meric adhesives t o  stress the metal  t o  i t s  u l t ima te  s t r e n g t h .  The bond f a i l u r e s ,  
which bear  this  o u t ,  were predominantly adhesion f a i l u r e s  t o  t h e  s u b s t r a t e  ( i . e . ,  
adhesion t o  e i t h e r  t h e  ba re  metal o r  the s u r f a c e  t reatment  a p p l i e d  t o  t h e  me ta l ) .  

The f a i l u r e  of t hese  systems is be l i eved  

I 

I 

E. Metallic Solder Bonds 

To prove the  u t i l i t y  of m e t a l l i c  s u b s t r a t e  f i lms  such as lead and t i n  f o r  adhesive 
I bonding a t  extremely low temperature,  i t  was deemed necessary t o  determine the  

t e n s i l e  shea r  and tee peel  s t r e n g t h  p r o p e r t i e s  of t hese  pure metals when employed 
a s  s o l d e r s .  S o f t  annealed copper was s e l e c t e d  a s  t h e  adherend material  -- ,064" 
t h i ckness  f o r  1/2" ove r l ap  t e n s i l e  shea r  specimens, and .020" th i ckness  f o r  tee 
pee l  specimens, The bonding s u r f a c e s  were mechanically c leaned,  "tinned" with 
t h e  a i d  of f l u x  with chemically pure l ead  and t i n ;  and s u r f a c e s  subsequently 
mated and fused t o g e t h e r .  Table 22 (Code #264 and 265) shows t h e  r e s u l t s  of t h i s  
work. 
ope ra t ion .  The t i n  s h e a r  and pee l  s t r e n g t h s  were q u i t e  good a t  low and ambient 
temperature,  but  not  a s  good a s  s t r e n g t h s  reported f o r  polymeric adhesives .  A t  
t h i s  po in t , t l i e r e  was no t  s u f f i c i e n t  promise f o r  metals a s  adhesive c o n s t i t u e n t s  
f o r  extremely low temperature t o  j u s t i f y  more work a long  t h e s e  l i n e s .  It was 
pos tu l a t ed  tha t  t h e  modulus of metals is too high t o  be considered worthy of 
combination wi th  high polymers. 

The l ead  s o l d e r  bonds were very poor because o f  ox ida t ion  during t h e  bonding 
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TABLE 22 

I I 

PiETALLIC SOLDER BONUS 

T e n s i l e  Shear, 

265 , 

I Code I 

2882 3228 Metallic T i n  Solder, 
Copper Adherends 

System 

I I I -320°F I R.T. 
i I I I 

Metallic Lead Solder, I 2810 I 1208 I 264 1 Copper Adherends 

Tee Pee l ,  
Ibsf 1" 

~ -320'F 1 R.T. 
premature f a i l u r e  
(oxidized so lder )  

13 .0  I 30.0  

I 
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I XIV. A STUDY OF MISCELLANEOUS ADHESIVES, ELASTOJBRS AND RESINS FOR ADHESIVE 
BONDING AT VERY LOW TEMPERATURE 

c 

A.  Commercial Adhesives 

T e n s i l e  shear and tee peel s t r e n g t h s  were determined a t  RT and -320'F f o r  
a manufacturer ' s  batch r e v i s i o n  o f  FM-1000 nylon-epoxy adhesive.  This material 
was evaluated w i t h  and without t h e  recommended primer, and s t r e n g t h  was compared 
with ti previous ba t ch  zf t h e  same adhesive.  
A 25% i nc rease  i n  -320 F t e e  peel s t r e n g t h  was noted f o r  t h e  r ev i sed  adhesive 
without primer. 

Cure was accomplished a t  350'F. 

Eastman 910 cyanoacrylate adhesive w a s  a l s o  evaluated.  This system proved 
extremely troublesome when used wi th  the  c a t a l y s t  necessary f o r  RT cure  because 
of t he  extremely f a s t  polymerization rate. Table 23 shows the  r e s u l t s  of t h i s  
work. The s t r e n g t h s  were no t  promising. 

B. P o l y s u l f i d e  Modified Epoxies 

A l i q u i d  po lysu l f ide  rubber was used t o  modify an epoxy r e s i n  a t  a 50 and 
a l s o  a 200 phr l e v e l ,  followed by curing a t  RT with an amine. 
tee pee l  specimens were prepared with the modifica'ions and t e s t e d  a t  RT and a t  t h e  
l i q u i d  n i t rogen  po in t .  Table 23 shows t h e  r e s u l t s  of t h i s  work. Po lysu l f ide  
modif icat ion of t he  epoxy r e s i n  r e s u l t e d  i n  lowering of t e n s i l e  shear  s t r e n g t h  a t  
RT and -320'F. 
s u l f i d e  level a t  RT, b u t  only mediocre improvement was noted a t  cryogenic tempera- 
t u r e ,  No improvement i n  adhesive cryogenic p rope r t i e s  could be gained with poly- 
s u l f i d e  mod i f i ca t ion .  

T e n s i l e  shea r  and 

Tee pee l  s t r e n g t h  was s i g n i f i c a n t l y  improved a t  t he  higher  poly- 

C .  RTV S i l i c o n e  Elastomers 

A series of commercial, room- temperat ure-vulcanizing, s il icone rubber adhesives  
w e r e  obtained,  used f o r  bard prepa ra t ions ,  and the r e s u l t i n g  specimens evaluated 
a t  RT and the l i q u i d  n i t rogen  temperature,  The r e s u l t s  of  this study are shown i n  
Table 23. I n  gene ra l ,  t h e  tens i le  shear and tee  peel s t r eng ths  f o r  these systems 
were below acceptance a t  RT and on ly  mediocre a t  -320°F when compared wi th  o t h e r  
adhesives  previously s tud ied .  

D . Miscellaneous 

PRDA, a phenoxy-8 the rmop las t i c ,  and Mylar po lyes t e r  were used f o r  the modifi-  
c a t i o n  of epoxy, epoxy-polyamide, and nylon-based adhesive systems. The mod i f i e r s  
were incorporated by s o l u t i o n  techniques using dimet~ylfonnamide,  o r  by m i l l i n g .  
Curing temperatures were n e c e s s a r i l y  high (up t o  350 F) t o  induce fus ion . and  bonding. 
The r e s u l t s  are shown i n  Table 2 3 .  Resu l t s  were not promising. 

E .  Halogenated Nylons 

Knowing t h e  outs tanding low temperature improvements t h a t  can be e f f e c t e d  by 
f l u o r i n a t i n g  polyethylene,  i t  was decided t o  i n v e s t i g a t e  the p r o p e r t i e s  of  halo-  
genated nylons.  
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TABLE 23 

A STUDY OF MISCELLANEOIJS ADHESIVES, EJASTOMERS AND RESINS 
FOR ADHESIVE BONDING AT. VERY LO?d TEMPERATURE 

' e n s i l e  Shear, Tee Peel,  
psi" l b s /  1"* 

,.T. -320°F R.T. -320°F 

1542 4498 32.0 7 .2  

r226 2666 85.0 9.0 

1 

326 

327 - 
320 

321 

322 

323 

348 

- 

. 

kdhesive System (weight r a t i o s )  

1 H r  a t  I Ny l o w  Epoxy 
PM-1000, Batch 250, No P r i m e  

Cure 

FM-1000, #62-3386 and 62-3387. 
Primed 

FM-1600, %62-3389, and 62- 
3390, No Prime 

Cyanoacrylate 
Eastman 910 p l u s  Eastman 
c a t a l y s t  

7190 4275 I 67.5 I 10.0 I 

Po lysu l f ide  Modified Epoxies 

Epon 828/Thiokol I9-3/DMP-30 
100/ 5 O/ 10 

I 

Slme as P320, except 100/ 
200/ 10 

Fa i l ed  i n  
Hand l i n g  

17.0 I 2 .0  

I 
I S i l i c o n e s  

DC A-4014 prime 
DC 4-2-0103-2 p l u s  

DC RTV 11 p l u s  25P6/A-1100 
prime 

GE RTV-40 p lus  GE XS-4004 
p r  lme 

GE RTV-60 p l u s  XS-4004 
prime 

S i l a s t i c  DC 140, DC 1200 
Primer 

I 

350°F 

. H r  at 
350°F 

1 H r  a t  
350°F 

LO Days 
a t  RT 

6 Days 
a t  RT 

6 Days 
a t  RT 

6 Days 
a t  RT 

6 Days 
a t  RT 

6 Days 
a t  RT 

10 Days 
a t  RT 

7 Days 
a t  RT 

17 2 175 I 

817 5 60 

925 13 94 

15 7 33 15 

163 3168 

38 240 

339 4110 

2682 330 

a i l e d  du r ing  
Fand 1 i n g  

I 

8 m 5  I 4.5 

3.5 

(Continued on next  page) * Average of 4 specimens 
* Sing le  specimens 
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TABLE 23  (Continued) 

- 
Code 
- 

349 

350 

- 

Q 

R 

M Y 1  

MY2 

M1 

N 

0 
- 

Adhesive System (weight ratios) 

S i 1 i cone s (continued ) 

S i l a a t i c  DC Q-O-O002A/B 
DC 1200 Primer 

S i l a s t i c  DC Q-0-0002A/B 
DC 1200 Primer 

Miscellaneous 

pmA/ Epon 8281 d i c  y and iamide, 
100/33/ 3 

PRDA/EPO~ 828/ dicyandiamide, 
100/5 O /  3 

Mylar/Resin 3135, 25/ 100, 
cast from DMF s o l u t i o n  

Mylar/Resin 3135, 50/100, 
cast from DMF s o l u t i o n  

PRDA/Zytel 61, 100125, 
c a s t  from DMF s o l u t i o n  

FRDA/Zytel 61, 100/25, mil led 

PRDA/Mylar, 100/25, mi l l ed  

Cur e 

7 Days 
at RT 

7 Days 
a t  RT 

1 Hr at 
350°F 

1 H r  a t  
350°F 

1 Hr a t  
300°F 

1 Hr a t  
300°F 

1 H r  a t  
300°F 

1 Hr a t  
350°F 

1 H r  a t  
350°F 

Tens i l e  Shear, 
1 - 

R, T. 

3765 

1907 

45 10 

5220 

2268 

2335 

2588 

3632 

3207 

i" 
-320°F 

470 

3 10 

37 95 

3620 

1754 

7 05 

2318 

186 1 

3522 

Tee Peel ,  
lbi 

R. T. - 

7.0 

1.. 0 

5.0 

- 

12.5 

- 

- 

10.0 

10.0 

Ill** 

-320°F 
r 

7.3 

3.6 

4.0 

- 

3.5 

- 

- 

2.5 

5.0 

(Continued on next page) 

* Average of 4 specimens 
k* Sing le  specimens 

i 
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Halogenated Nylons 
. Nylon Percent  

Softening Halogen Cure 

T e n s i l e  Shear Tee Peel ,  
p s i *  lb s/ 1"** Adhesive System 

- 
Code 

- 

15 7 

- 
158 

- 

15 9 

- 

I 

l (weight r a t i o s )  

Hexaf luoroglutary 1 
c h l o r i d e  0 .2  mole, 
hexamethy lene diamine 
0.2 mole .... 75 p t s  
Epon 828 p re reac ted  
with d i c  yand iamide ............. 25 p t s  

Chlorinated Z y t  e 1 
6 1  .......... 75 p t s  
Epon 828 pre reac ted  
with dicyand iamid e ............ 25 p t s  

R.T.  -320°F R.T.  -320'1 Point ,  i n  
"C Nylon 

184 - Hr at 1146 814 - - 400°F 

- at 2435 998 1.0 0.5 
37*@ 350°F 

3 .......... Hr at j -  33*6 350°F 

Brominated Z y t e l  
61 75 p t s  
Epon 828 p re reac ted  
w i t h  d icyand iamide ............ 25 p t s  

* Average of 4 specimens 

** Sing le  specimens 

F a i l e d  i n  
468 Handling 462 

3 
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A f l u o r i n a t e d  nylon was prepared by r e a c t i n g  0 . 2  mole of  hexafluoroglutaryl  
ch lo r ide  with 0.2 mole o f  1 , 6  hexane diamine by the  previously reported techniques 
of  i n t e r f a c i a l  polymerization. A f t e r  p u r i f i c a t i o n ,  t h e  so f t en ing  p o i n t  of the 
nylon was determined t o  be 184°C. 
mixing 3 par ts  wi th  1 p a r t  o f  a p re reac ted  epoxy r e s i n  (Epon 828"with 6 phr 
dicyandiamide prereacted t o  a g e l  time of  about 3 minutes a t  350 F) .  
mens were prepared from the  adhesive by bonding a t  400°F. 

An adhesive was prepared from the polymer by 

Test spec i -  

Zytel  6 1  nylon copolymer w a s  ch lo r ina t ed  i n  t h e  p'resence of u l t r a v i o l e t  
l i g h t  by bgbbling ch lo r ine  through a water  suspension of  t he  f i n e l y  divided nylon, 
A f t e r  p u r i f i c a t i o n ,  t he  ch lo r ine  content w a s  determined t o  be 37.0%. 
w a s  prepared i n  t h e  same manner descr ibed above. 

An adhesive 

Zytel  61 nylon copolymer was also brominated i n  the presence of u l t r a v i o l e t  
l i g h t  using bromine water. 
t o  be 33.6%. An adhesive was prepared i n  the  same manner descr ibed.sbove.  

A f t e r  p u r i f i c a t i o n s t h e  broinine content  was determined 

The r e s u l t s  of i n i t i a l  halogenat ion s t u d i e s  (see Table 23) o f  s e v e r a l  nylons 
h a v e f a i l e d  t o  show any improvement i n  low temperature p rope r t i e s  a s  compared with 
t h e i r  non-halogenated coun te rpa r t s .  
p o t e n t i a l  of  t h i s  approach. 

XV. STUDY OF POLYURETHANE AND MODIFIED SYSTEMS AS ADHESIVES FOR VERY LOW 

Work has been too  meager t o  eva lua te  t h e  

r TEXPERATURE APPLICATION 

A. Polyurethane Prepolymers 

A s e r i e s  of polycaprolactones have been prepared by t h e  homopolymerization 
of caprolactone. It has been r epor t ed  t h a t  t hese  polymers have unusual low- temperature 
p rope r t i e s  i n  urethane formulat ions.  
and samples  of  approximately 10,000 and 20,000 were prepared by means o f  t e t r a -  
b u t y l t i t a n a t e  catal 'ys is .  'T r i e thy leneg lyco l  was used a s  a starter. Prepolymers 
were then prepared by r eac t ion  of t h e  hydroxyl terminated polycaprolactones wi th  
methylene b i s  (4 phenylisocyanate).  Excess isocyanate  i s  used so t h a t  t h e  f i n a l  
prepolymer has 14 percent  by weight unreacted NCO con ten t .  Various r e a c t a n t s  can 
then be used t o  cure  t h e  system. 

Samples with molecular weights of  1800 and3400, 

I n i t i a l  a t tempts  t o  ev6luate  the in f luence  of t h e  molecular weight of t he  poly- 

This 
caprolactone upon the performance of the  f i n a l  adhesive ind ica t ed  t h a t  l i t t l e  
d i f f e r e n c e  is noted i n  adhesive s t r e n g t h  a t  room temperature and a t  -320°F. 
i s  shown i n  data  from systems .AD, AH, AIC,and AM. 
i n g  f i n a l  cure  of t he  prepolymer with poLyol TP-440. 
caprolactone with the lowest molecular weight of 1800,and AM used t h e  polycaprolac- 
tone with the h ighes t  molecular weight of 10,000, A l l  four have e x c e l l e n t  low- 
temperature s t r e n g t h  and it  is  ind ica t ed  t h a t  the polycaprolactone wi th  a molecular 
weight o f  1800 produces t h e  b e s t  r e s u l t s .  
autoclave was required t o  cure these  systems i n  o rde r  t o  avoid blowing. While t h i s  
i s  imprac t i ca l  f o r  f i e l d  a p p l i c a t i o n ,  i t  was used t o  a r r i v e  a t  t he  maxlmum s t r e n g t h  
poss ib l e  from these  systems. 
a t  atmospheric pressure.  

These were prepared by accomplish- 
AD was formulated with poly- 

It might be pointed ou t  t h a t  ar, 

.f AA and AE are two of  the same systems cured a t  250°F 
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Other curing agents  were used including Woca.," t r i e t h y l e n e  g lyco l ,  and 

t r ime thy lo l  propane. 
o f  %oca", g e l a t i o n  was much too f a s t  t o  prepare good bonds. 

See Table 24. Adhesive s t r e n g t h  was poor and,in t h e  case  

A s i m i l a r  prepolymer wi th  10 percent  f r e e  NCO was prepared with polyol TP 
740 and MDL. Bonds were then prepared by f i n a l  cur ing with a d d i t i o n a l  TP 440 
and TP 740. Excel lent  results were obtained and d a t a  are shown i n  Table  24 ucder 

, AY and BD. Note t h a t  the lower molecular weight polyol (TP 440)gives expected 
higher  room temperature s h e a r  and curing,while TP 740 gives higher  room temperature 
peel.  Su rp r i s ing ly ,bo th  have the same -320% pee l  s t r e n g t h .  

An unusual polyester-polyether  w a s  prepared with proplyene oxide and caprolatone 
using t r i e t h y l e n e  g lyco l  as a s t a r t e r  and BF3 c a t a l y s i s .  
i nd ica t ed  below: 

The polymer has t h e  s t r u c t u r e  

HOXXX-YXXYXYXXYYRYYYXYYXYXXY--XXXOH 
This  chain has varying composition,progressing from t h e  R group t o  the  ends.  It 
was hoped t h a t  t h i s  design would lower t h e  c r y s t a l l i z a t i o n  tendency and r e s u l t  
i n  improved low-temperature flexibility. Results shown i n  Table 24 (AP, AQ) 
were n o t  encouraging wi th  t h i s  a t tempt .  

A small amount of tetramethylbutanediamine was used t o  c a t a l y z e  the TP 740- 
MDI system (A21 with a room temperature cure .  Su rp r i s ing ly  good r e s u l t s  were 
obtained and f u r t h e r  s tudy  o f  room temperature cur ing polyurethanes is warranted. 
A s imi la r  r e s i n  (BE) gave a pocr showing. 

B .  Non-Prepolymer Polyurethanes 

Data i n  Table 25 are systems obtained by a one-step r e a c t i o n  of t h e  i s o -  
I n  o rde r  t o  o b t a i n  an idea of  t he  u l t ima te  s t r e n g t h  cyanate with the polyol .  

o f  t h e s e  systems, a l l  bonds were prepared i n  an autoclave.  

A comparison of AV and AW i n d i c a t e s  that MDI gives a s l i g h t l y  b e t t e r  performance 
i n  room temperature shea r  and peel .  A comparison o f  AW with BD i n  Table 24 i n d i -  
ca t e s  t h a t  t h e  prepclymer method glves  s l i g h t l y  b e t t e r  r e s u l t s ,  probably due t o  
more c o n t r o l l e d  l i n e a r  chain extension which gene ra l ly  improves t e n s i l e  s t r e n g t h .  
AU and AV demonstrate aga in  t h e  f a c t  t h a t  t h e  more f l e x i b l e , h i g h e r  molecular 
weight TP 740 gives b e t t e r  low-temperature performance. 
formul.ated i n  AX with r e s u l t s  s imilar  t o  TP 740.  

C .  Polyurethane and Modified Systems 

Poly01 LHT 240 was 

A series of  polyurethane elastomers ,  both prepol.ymers and non-prepolymers, 
were s tud ied  a s  p r ime  adhesive c o n s t i t u e n t s  and a l s o  as niodifiers fox epoxy and poly- 
amine based adhesive systems s Several  commercial polyurethane adhesives  were 

' included i n  the eva lua t ion .  

F i r s t ,  Adiprene L polyurethane prepolymer was used a s  the  prime adhesive and 
cured a t  room temperature and contact  p re s su re  with two l a t e n t  amine c a t a l y s t s ,  
Moca and MDA (methylene d i a n i l i n e )  . 
t e e  peel s t r e n g t h  a t  -320°F of any adhesive eva?uared i n  t h i s  program; namely, 

The Adiprene L/Moca system gave the  h ighes t  
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TABLE 25 

STUDIES WITH NON- PREPOLYMER POLYURETHANES AS STRUCTURAL 
ADHESIVES FOR VERY LOW-TEMPEZATURE APPLICATION 

Code System 

-- 
AU TDX TP-440 

AV TDI TP-740 

AW MDI TP-740 
- 

AX I MDI LHT-240 

Cur e l b s /  I" 

Autoclave I 4 9 5 3  I 5197* I 4.0  I 5 . 0  I 
250°F 

J 

11 1265 5237* 17.5 10.0 

11 2693 5287* 35.0 15.0 

* Monomers combined on an equivalent b a s i s  
** Metal failure 

** Average of four specimens 

*** Single  specimens 

' I  
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d 
I 40.0 lbs/l". 

anticipated that incorporation of RT-curing, epoxy-based adhesives would 
overcome this difficulty. 

The room temperature properties were only mediocre, but it was 

I 
Secondly, three comercia? polyurethane prepolymer adhesives were obtained 

Bonding difficulty resulted in curing these at room temperature 
and evaluated to further explore the low temperature potential of this family 
of adhesives. 
because of the long time required to dry the solvent. Exposure of the free- 
isocyanate-containing prepolymer co moisture in the atmosphere resulted in a 
blowout of the bonds during cure. The low temperature strengths were not very 
interesting . 

Finally, Adiprene Cy a polyurethane rubber and non-prepolymer, was used to 
modify epoxy polyamide adhesives. 
constituent by heating and, finally, this was combined with the polyamide. The 
epoxy to polyamide ratio was maintained at 1/1, but the urethane level was varied 
from about 16 to 150 phr per combined parts of epoxy-polyamide. No attempts were 
made to crosslink the polyurethane; the epoxy-polyamide was cured at RT as well as 
2509. .The strength levels were not very promising and further work was discon- 
tinued. 

The urethane was dissolved in the epoxy 

I . Table 26 shows the resillts of this work and emphasizes the tremendous 
potential of the amine-cured polyurethane prepolymers at extremely low temperature, 
particularly of the peel strength. 

c 
Because of the excellent results attained with Adiprene L-100, several other 

commercially available polyurethane prepolymers were levaluated at very low teuper- 
ature. These included Adiprenes LD-167, LD-213, and LM-52. The percentage-free 
isocyanates are 9.5, 6.6, and 9.5, respectively. Cure was accomplished at ambient 
temperature with Moca. 

Table 26 shows the results of this study. Code #233 appears to cure faster 
than Adiprene L-100, developing higher RT and -32OoP shear and tee  peel strength 
in shorter time. On this b a s i s  it could be Suggested as a replacement for 
Adhesive C. 

Replacements for the amine curing agent, Moca, in urethane elastomer adhesives 
were tried in an attempt to hasten the cure time f o r  this system and at the same 
time improve the ambient and elevated temperature physical properties. Adiprenes 
L-100, L-167, and L-213 were selected as the urethane elastomers, and DMP-10 as 
the amine curing agent. Table 26, Code Numbers 263, 266, and 267,reveals the 
results of this work. Results were not sufficiently rewarding to further consider 
this approach. 

A new polyurethane elastomer, Estane, reported to be a true thermoplastic 
requiring no cure or crosslinking, was obtained and evaluated as a hot-melt 
adhesive at extremely low temperature. The thermoplastic was pressed to a 10-mil 
film under heat and pressure. The resultant film was inserted between 7075-T6 
adherends and pressed 15 izinutes at 35O0F and about 2 5  psi, followed by cooling 

Q to ambient temperature under pressure. As shown in Table 26, the tee peel strefigths 
at -320°F were not as good as those of prr:i=us polyurethanes. 
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POLYURETHANE AND MODIFIED SYSTEMS 

Code 

P 

185 

186 
182 
184 
180 r 

Adhesive System (weight r a t i o s )  Days psi* I lbs/l"** 
@ RT R.T. -320'F R.T. -320°F 

1574 15.0 2.5 250'F Adiprene I,-100 Moca, 100/11 

5 - 9 1670 5157 22.5 40.0 Adiprene L- LOO/Moca, loo/ 11 ' 
[Adhesive C) 
Adiprene L-100 MDA, 100/8.2 5 - 9 943 5277 25.0 35.0 
Multron R12/Mondur CB 75, 100/120 10 - 14 1649 2175 12.5 4.0 
Multranil  176/Mondur CB75, 100/5 10 - 14 1280 1 4085 10.0 5.0 
Multron R12/Mondur CB75, 50/50 4 - 1 T O - r  ZFOT 1 -6.0 1 2.5 

1 H r  a t  634 

-- 

I I Cure, I Tensile Shear, 1 Tee Peel, 

145 

146 

147 

Bonds badly b lc 
5 135 2910 

at 3895 2442 

Adiprene C / V e r s a m i d  125/Epon 828, 1 H r  at 
25/75 75 250°F 
Adiprene CIVersamid 125/Epon 828, 
50/50 50 250'F 
Adiprene C/Versamid 125/Epon 828, 
75/25/25 250°F 
Adiprene CIVersarnid 125/Epon 828, 
25/75/75 

Hr at 147 1818 

13 3570 15 00 

", 
5.0 1 

7.5 

10.0 

5.0 

10.0 

'9.5 

- 
- 
- 
- 
- 

27.0 

27.5 

6.0 
5.0 

13.0 

1.0 

- 

- 

I Adiprene I I I 

, -_ , . - , . - 
13 

7 - 8 

Adiprene C/Versamid 125/Epon 828, 
50/50/50 
LM-52 100 p a r t s  

232 Moca 25 phr 

LD-167 100 p a r t s  
233 lnoca 20 phr 

3030 15 34 

230 7 14 

1 7 - 8 I2160 I 4848 

234 

263 
266 
267 
275 

(Adhesive D) 
Adiprene 

LD-213 100 parts 7 - a 3725 2495 
Moca 25 phr 
Adiprene G100, DMP-10, I )  phr 4 - 5 385 24 15 
Adiprene L-167, DMP-10, 8 phr 4 - 5 262 1733 
Adlprene 6213 ,  DMP-10, 10 phr 4 - 5 245 2525 
Adiprene 6213 ,  30 pbw 

4 EpoIi 812 40 
Epon 828 30 
Shell Z 20 

4332 1679 

4.0 

4.0 

4.0 

2.5 

2.5 

1.5 

32.5 

10.0 

5 .0  
11.0 
10.0 

1.5 

* Average of 4 specimens 

** Single specimens 
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Code Adhesive System (weight r a t io s )  

297 Estane 5740x1 

298 Estane 5740x2 

351 Moca 14 phr 

352 Moca 14 phr 

, HMDI/LM-52, 5% free NCO, 

"MDI/PP2025, 5% free NCO, 

* Average of 4 specimens 

** Single specimens 

Cure,  Tensile Shear, T e e  Peel, 
Days pti i* lbb/ I"** 
@ RT R . T .  -320°F R.T. -320°F 

15 Min. 1453 4835 25.0 11.0 
@ 359°F 

5010 16.0 9.0 15 Min. 843 
@ 350°F 

4 ' 33 ' 1019 0 . 0  

4 40.5 697 0 0 
I 
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3 Some of the  new a l i p h a t i c  isocyanate  (hexamethylene di isocyanate)  was obtained 
and reac ted  with a d i o l  and a l s o  a t r i o l  to  y i e l d  polymers with a 5% f r e e  isocyanate  
conten t .  Although t h e  v i s c o s i t y  increased appreci-  
ably,  i n d i c a t i n g  r e a c t i o n ,  there  apparent ly  were not  s u f f i c i e n t  functions to  produce 
tl polymer s u i t a b l e  a s  an adhesive.  
these  polymers would be a n  a s s e t  in  t h e  cryogenic reg ions .  
shown i n  Table 26. 

Curing was attempted wi th  Moca. 

I t  was a n t i c i p a t e d  t h a t  t h e  l i n e a r  na ture  of 
The r e s u l t i n g  da ta  a r e  

D .  S e l e c t i o n  of Adhesive C 

' 

and c o n t a c t  pressure  w i t h  11 phr Moca ( re fer red  t o  i n  Table 26, Code 8185) was 
s e l e c t e d  f o r  f u r t h e r  e v a l u a t i o n  and study i n  view of i t s  ease  of p r o c e s s a b i l i t y  
and super ior  s t r e n g t h  and toughness a t  very  low temperature. 
designated,  Adhesive C .  

The adhesive c o n s i s t i n g  of Adiprene L-100 polyurethane elastomer cured a t  RT 

This system was  

E .  S e l e c t i o n  of Adhesive D 

The adhesive c o n s i s t i n g  of Adiprene LD-167'polyurethane elastomer cured a t  RT 
and c o n t a c t  pressure  w i t h  20 phr Moca ( r e f e r r e d  to i n  Table 26,  Code #233) was 
s e l e c t e d  f o r  f u r t h e r  eva lua t ion  and s tudy i n  v i e w  of i t s  ease  of processabi l i ty ,  
f a s t e r  cur ing  c h a r a c t e r i s t i c s  as compared with Adhesive C ,  and very acceptable  
s t r e n g t h  and toughness a t  very low temperature.  
E. 

This  system was designated Adhesive 

X V I .  STUDY OF FABRIC SUPPORTED ADHESIVE SYSTEMS FOR APPLICATION AT VERY L O W  
TEMPERATURE 

I t  i s  a wel l -es tab l i shed  f a c t  t h a t  supporting c a r r i e r  f a b r i c s  can c o n t r i b u t e  
a?hesive toughness t o  many adhesive systems, as evidenced by improved p e e l  s t r e n g t h .  
I t  was a n t i c i p a t e d  t h a t  t h e  good low-temperature tee pee l  s t r e n g t h  of Adhesive C 
might be improved even f u r t h e r  by such a tehcnique. 
(181 - 112) and an open-weave, nylon-marquisette f a b r i c  were coated with t h e  adhesive 
and in te rposed  between coated faying sur faces  of t e s t  specimens. Cure w a s  accom- 
p l i shed  a t  RT and c o n t a c t  pressure .  
272 and 273. 

A tight-weave g l a s s  f a b r i c  

The r e s u l t i n g  da ta  a r e  shown i n  Table  27, Code 

C a r r i e r  f a b r i c s  tended t o  s i g n i f i c a n t l y  upgrade tee p e e l  s t rength ,  ox adhesive 
toughness, of a polyurethane adhesive a t  extremely low temperature.  A tee peel  
s t r e n g t h  i n  excess of 60.0 lbs/l" a t  -320°F was achieved with a tight-weave g l a s s  
f a b r i c  and Adhesive C,  t h e  h ighes t  va lue  obtained with any adhesive t o  da te .  

Because of t h e  very  e x c e l l e n t  pe.el s t r e n g t h  a t  -320°F demonstrated by 181-112 
c a r r i e r  f a b r i c  when employed with a polyurethane elastomer (Adhesive C), i t  was 
decided t o  study t h e  e f f e c t s  of a number of o t h e r  c a r r i e r  f a b r i c s .  

HG-32 g l a s s  skrim c l o t h ,  104-Volan A g l a s s  f a b r i c ,  nylon parachute f a b r i c ,  
unbleached cot ton muslin,  and a nonwoven dacron mat pressed onto a c o t t o n  skrim 
(Webril 1514-M) were selected.  Bonds were made using Adhesive C . The adhesive 
was 7-75-T6 adherend. Curing was accomplished a t  RT and contac t  pressure.  

.. 

Table 27 shows the r e s u l t a n t  d a t a .  None of t h e  carriers sctzened produced as 
high a peel  s t r e n g t h  a t  - 3 2 O O P  as t h e  181-112 g l a s s  f a b r i c  prev ious ly  repor ted .  
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TABLE 27 

c a r r i e r  

Same as #299, except 104-Volan A 
c a r r  i e r  

Same a3 iI299, except nylon 
parachute  c a r r i e r  

Same as 1299, except co t ton  
mu6 l i n ,  unbleached 

Same as #299, except Webril 1514-M 
Co tton/Dacron 

c 

2 1718 5215* 24.0 24.0 

2 1216 5142* 1 2 . 1  10.8 

2 1068 5440* 20.0 15.0 

1272 5335* 30.5 17.9 , 

- 
Code 
No. - 

272 
7 

273 

299 - 
292 
- 
293 
- 
2 94 
- 
2 95 
- 
2 96 

- 

* F a i l u r e  i n  adherends 
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A. Se lec t ion  of Adhesive E 

* 

The adhesive c o n s i s t i n g  of Adiprene L-100, cured a t  RT and contact  p re s su re  
with 11 phr Moca and t rowelled onto one l aye r  of 181-112 g l a s s  f a b r i c  
( r e fe r r ed  t o  I n  Table 27, Code #272),was s e l e c t e d  f o r  f u r t h e r  eva lua t ion  and s tudy 
i n  view of  i t s  s u p e r i o r  toughness a t  extremely low temperature.  
designated Adhesive E .  

This system was 

X V I I .  EVALUATION OF T E a O N  FEP AS A HOT-MELT LOX COMPATIBLE ADHESIVE FOR VERY 
LOW TEMPERATW APPLICATION 

Teflon FEP has a l r eady  been evaluated a6 a hot  m e l t  adhesive a t  very low temper- 
a t u r e  (see Table 21, Code 879). 
and although t h i s  a l l o y  is not compatible wi th  the  high temperature r equ i r ed  for 
bonding, it d id  e s t a b l i s h  t h e  u t i l i t y  o f  th i s  material f o r  very low-temperature 
adhesive a p p l i c a t i o n .  More ex tens ive  eva lua t ion  was made on t h i s  a l l o y ;  however, 
i t  was f i n a l l y  decid5.d t o  include s t a i n l e s s  a l l o y .  These eva lua t ions  are t r e a t e d  
i n  subsequent s e c t i o n s .  

This eva lua t ion  was c a r r i e d  o u t  on 7075-T6 aluminum, 

To a t t a i n  the uniform h igh  temperatures required f o r  bonding s t a i n l e s s  s tee l ,  
t he  r e s i s t a n c e  h e a t i n g  apparatus  shown i n  F igure  22 was designed. 
could be considered p r a c t i c a l  f o r  f i e l d  a p p l i c a t i o n .  Another h e a t i n g  technique 
p r a c t i c a l  f o r  f i e l d  a p p l i c a t i o n  could be Nannco's Exotherm bonding. 

This  technique 

Various o t h e r  fluorocarbon f i lms  were eva lua ted  as hot-melt  adhesives ,  i n -  
cluding Aclar (fluorohalocarbon) , PVF (polyvinyl  f l u o r i d e ) ,  Kynar (vinyl idene 
f luo r ide )  , and Kel-F (chlorotrifluoroethylene). Teflon FEP and Ac la r  proved t o  
be processable  as adhesives by this technique.  

A. S e l e c t i o n  o f  Adhesive F 

The adhesive c o n s i s t i n g  of Te f lon  FEP(referred t o  above and processed a t  700'F 
as a hot-melt adhesive)was s e l e c t e d  f o r  f u r t h e r  eva lua t ion  and s tudy  because of  i t s  
LOX compa t ib i l i t y  and i n t e r e s t i n g  adhesive p r o p e r t i e s  a t  extremely low tempera- 
t u r e .  This  system was designated Adhesive P .  

X V I I I .  A STUDY OF VARIOUS CHEMICAL AND PHYSICAL TECHNIQUES FOR IMPROVING THE 
PROPERTIES OF RT-CURED ADlESTVES AT VERY LOW TEMPERATURE 

L 

A .  Chemical Accelerators  

An a t t e m p t  was made t o  impart a more complete cure and f a s t e r  cu r ing  rate i n  
epoxy polyamide systems by using amine s a l t s ( l 5 ) .  
adhesive s t r e n g t h  could be obtained i n  s h o r t e r  times, and  t h a t  a more complete cure  
would inc rease  t h e  e l eva ted  temperature adhesive s t r e n g t h .  S h e l l  D polyamine 
salt was t h e  a c c e l e r a t o r  s e l e c t e d .  It was used a t  l oad ing  rates o f  1, 3, and 5 
parts per  hundred p a r t s  of Adhesive A.  Table 28 shows t h e  r e s u l t s  of t h i s  
s tudy.  A s l i g h t  improvement was noted i n  RT t e n s i l e  s h e a r  s t r e n g t h  f o r  a l l  loading 
r a t e s .  
i n  t he  180°F s h e a r  s t r e n g t h  a t  a loading r a t e  of 1 phr. 
r e l a t i v e l y  unchanged. No ou t s t and ing  advantages could be seen f o r  t he  rise of  t h i s  
a c c e l e r a t o r  f o r  epoxy polyamide adhesives .  

It was a n t i c i p a t e d  t h a t  g r e a t e r  

The -320'F shea r  s t r e n g t h  was no t  as, b u t  3 sl ight  improvement was noted 
Tee p e e l  s t r e n g t h  was 
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Figure  22. Lab se tup  f o r  p r o d u c i n g  bonds with 
ADHESIVE F ( T e f l o n  FEP) by resistance 
h e a t i n g .  This  s y s t e m  cou ld  be a d a p t e d  
to field application. Shown are input 
p o w e r s t a t ,  step-down t r a n s f o r m e r  (5V- 
115A),  p o t e n t i o m e t e r ,  curing jig, and 
s t a i n l e s s  s t e e l  adherends being bonded. 
Note s h u n t  b a r s  a r o u n d  t h e  1 /2 ”  over- 
l a p  area.  
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TABLE 28 

Cure a t  T e n s i l e  Shear, Tee Peel,  
p s i  lbs/  1" T e s t  Condition R. T. Cod e 

Adhesive A + 1 phr S h e l l  D 
206 a c c e l e r a t o r  

-320°F 7 days 2802 3 . 4  

+180°F 7 days 6 18 --- 
-320OF 7 days 1787 3 . 5  

+125"F 7 days 1424 --- 
+180"F 7 days 45 3 

-320°F 7 days 2010 3 .75  

+180°F 7 days 45 3 

R. T. 7 days 3522 4.0 
+125 O F  7 days 1792 --- 

207 Same as 206, except 3 phr 

R. T. 7 days 3365 3.0 

--- 
208 Same as 206, except  5 phr 

R. T. 7 days 340 2 4 . 0  
+125 O F  7 days 1489 --- --- 

A STUDY OF VARIOUS CHEMICAL AM) PHYSICAL TECHNIQUES FOR 
IMPROVING THE PROPERTIES OF RT-CURED ADHESIVES AT VERY LOW TEMPERATURES 

'3 

Ultrasonic Energy 

Specimens 
~ 

Control #1 
16 Hour Cure 
a t  75°F 

Control  #2 
1 Hour Cure 
a t  150°F 

16 Hours Cure 
a t  LlO'F wi th  
54 KC u l t r a s o n i c  inpu t  
(enveloped i n  polyethylene bag) 

16 Hours Cure 
4 t  110°F wi th  
54  KC Ul t r a son ic  inpu t  
(not enveloped i n  a bag) 

RT T e n s i l e  Shear 
S t r eng th ,  p s i  

25 70 

4440 

3290 

1520 
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TABLE 28 (Continued) 

Codel No. 
Adhe s i v e  

E l e c  t r  i ca 1 P o t e n t i a  1 

Resin 3135 & Curing Agent 7111 
p lus  HG-32 g l a s s  skrim c l o t h  
czrrier 
CONTROL #I 
Same as above, except 700 v o l t  AC 
p o t e n t i a l  app l i ed  a c r o s s  j o i n t  

Same as above 

Resin 3135 & Curing Agent 7111 
p l u s  HG-32 glass skrim c l o t h  
c a r r i e r ,  
CONTROL 82 

Same as above, except 510 v o l t  
p o t e n t i a l  app l i ed  ac ross  j o i n t  

Evaluat ion of Primes 

300 

30 1 

302 

ADHESIVE A wi th  epoxy-polyamide 
p i  i m e  

ADHESIVE B wi th  epoxy-polyamide 
prime 

ADHESIVE C wi th  poly-urethane 
prime 

Non- Premixed Two- P a r t  Adhesives 

Resin 3135 wi th  Curing Agent 7111, 
50/50 pbw. 

262 I 

- 
Cure, 
Days 
@ RT 

4 

1 

4 

1 

1 

5 

5 

5 

7 -  8 

G n s i l e  Shear 
Strengt  
-320'F 

2942 

3480) 

3533 
(3090- 
4 100) 

3205 
(3060- 
3680) 

2250 
(820- 
3040) 

9 19 
(780- 

(2586- 

984) 

3 120 

1996 

1552 

6 10 

lee Peel  Strength,  
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B. U l t r a son ic  E n e m  

Because t h e  t a r g e t s  f o r  t h i s  work c a l l e d  f o r  cu r ing  adhesives a t  ambient 
temperature,  i t  was thought t h a t  thermal energy might poss ib ly  be replaced w i t h  
o t h e r  such forms of energy as u l t r a s o n i c ,  i r r a d i a t i o n  w i t h  u l t r a v i o l e t  l i g h t ,  
chemical a c c e l e r a t o r s ,  e tc .  Sonic energy was chosen f o r  s tudy i n  cu r ing  t h e  
Resin 3135/7111 adhesive system. The u l t r a s o n i c  gene ra to r  w a s  a Model UGl40, 
S e r i a l  20044 made by t h e  Ul t r a son ic s  Corporation, and capable  of d e l i v e r i n g  54 KC 
energy. i h i s  vas  employed with a Mode? UT 15s )  S e r i a i  1098 tank.  H a l f = i z c h  overlap 
bonds were made with t h e  above adhesive. One set was enveloped i n  a polyethylene 
bag be fo re  i n s e r t i n g  i n  t h e  cu r ing  f i x t u r e ,  and the  o t h e r  set  i n s e r t e d  i n  a curing 
f i x t u r e  with no envelopment. The assemblies were placed i n  t h e  tes t  tank which 
was f i l l e d  with water. The bonds were cured f o r  16 hours a t  resonant  frequency 
(54 KC) and a temperature of l l O a F .  
the  u l t r a a o n i c  inpu t  caused the  temperature t o  r ise .  The bond which was no t  
enveloped i n  polyethylene bag was somewhat damaged by the energy, causing f l a s h  
of the glueline to emulsify. 

Although a temperature of 75OP was d e s i r e d ,  

Two c o n t r o l  bonds were made with t h e  same adhesive f o r  comparison, one being 
cured 16  hours a t  ambient temperature i n  the  atmosphere, and t h e  o t h e r  cured 1 
hour a t  150°F i n  an oven. The d a t a  
are n o t  conclusive and it was not known whether s o n i c  energy wo.uld be of any 
va lue  i n  cu r ing .  As po in ted  ou t ,  some means would have t o  be taken t o  e l i m i n a t e  
t h e  e f f e c t  of thermal energy r e s u l t i n g  from u l t r a s o n i c  energy. 

Table 28 shows the  results of  t h i s  s tudy .  

C .  ' E l e c t r i c a l  P o t e n t i a l  

Seve ra l  experiments were conducted employing noninduct ive e l e c t r i c a l  energy 
where a b s o l u t e l y  no thermal eiiergy was added to t he  system. One  such experiment 
involved the  c u r e  of an epoxy polyamide-adhesive (Resin 3135 and Curing Agent 7111). 
Standard breakaway panels o f  7075-T6 ba re  aluminum a l l o y  were coated w i t h  the 
adhesive,  followed by i n s e r t i n g  i n  the g l u e l i n e  one l a y e r  o f  a g l a s s  skrim c l o t h  
c a r r i e r  t rowelled wi th  t h e  adhesive.  The bonds were then assembled w i t h  l / Z t l  
ove r l ap .  A 700-volt AC p o t e n t i a l  w a s  then app l i ed  a c r o s s  t h e  j o k t  du r ing  t h e  
cure.  The assembly w a s  s i m i l a r  t o  a capac i to r .  

I n  another  experiment, a 510-volt DC p o t e n t i a l  was a p p l i e d  a c r o s s  t h e  j o i n t  
of  a s i m i l a r  assembiy du r ing  the  cure.  Again, a b s o l u t e l y  no thermal energy was 
app l i ed  t o  the  system. 

Table 28 shows the r e s u l t s  of t h i s  s tudy.  A minor s t r e n g t h  advantage 
(200 p s i )  could be c t t a i n e d  with t h e  700-volt AC p o t e n t i a l ,  The 510-volt  DC 
p o t e n t i a l  r e s u l t e d  i n  a n  e l e c t r o l y t i c  a c t i o n  with r e s u l t a n t  gas e v a l u a t i o n  or 
tlblowingtt and reduced bond s t r e n g t h .  

D. U l t r a v i o l e t  I r r a d i a t i o n  

An epoxy polyamide adhesive (Resin 313517111) was s e l e c t e d  as t h e  s u b j e c t  f o r  
u l t r a v i o l e t  i r r a d i a t i o n .  Although not  pract ical  f o r  general  adhesive bonding where 
adherends would screen-out  such i r r a d i a t i o n ,  t he  knowledge of r a d i a t i o n  a f f e c t  on 
this  r e s i n  was considered d e s i r a b l e .  Gel time a t  cons t an t  temperature was t h e  tes t  
sri t e r i a  . 
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The r e s i n  sample exposed continuously t o  u l t r a v i o l e t  l i g h t  without  any screen 
ge l l ed  i n  35 minutes a t  25OC. 
minutes a t  the same temperature.  The u l t r a v i o l e t  l i g h t  was a very e f f e c t i v e  means 
f o r  hastening t h e  c ros s  l i n k i n g  of an epoxy polyamide adhesive.  

The sample r ece iv ing  no i r r a d i a t i o n  g e l l e d  i n  90 

E .  Magnetic F i e l d s  

The e f f e c t  of magnetic f i e l d s  OLZ t he  r e a c t i v i t y  and o r i e n t a t i o n  of the enzyme 
t r y p s i n  has  beer! r e c e n t l y  r epor t ed  (16 ) .  
s i v e  (Resin 313517111) was considered worthy, p a r t i c u l a r l y  if increased r e a c t i v i t y  
o r  a more-than-random o r i e n t a t i o n  of molecules would r e s u l t  and thereby enhance 
the  phys ica l  p r o p e r t i e s  of t he  cured copolymer. . 

Applicat ion t o  an epoxy-polyamide adhe- 

Half- inch overlap j o i n t s  were prepared with the  above adhesive by curing between 
a c l o s e  gap of a permanent magnet hsvicg 8 f i e l d  s t r e n g t h  of 1800 gauss.  The same 
procedure was followed u t i l i z i n g  a ~ :  e l e c t r o  magr'et with an AC i n p u t .  
with c o n t r o l  bonds emp1oyir.g XI magnetic f i e l d ,  no i n c r e a s e  i n  bond s t r e n g t h  could 
be a sce r t a ined  using t h i e  techcicpn.  

When compared 

Because of t he  very weak e l e c t r o s t a t i c  charges on the  epoxy and polyamide mole- 
cu le s  a s t ronge r  magnetic f i e l d  probably wauid be necessary - i n  the order  of 
15,000-50,000 gauss .  Obviously, t h e r e  i s  a s p e c i f i c  magnetic s u s c e p t i b i l i t y  f o r  
t h e s e  molecules, and i t  would only be Eecessary to  employ a s u f f i c i e n t l y  s t rong  
d r i v i n g  f o r c e  t o  a c t i v a t e  th.em. 

F .  Technique f o r  Adhering P l a s t i c  Mate r i a l s  

A r e c e n t  a r t i c l e  b r i e f l y  desc r ibes  a method of bonding me ta l s  t o  thermoplast ic  
m a t e r i a l s  with a s i n g l e  l a y e r  of molecules a s  an adhesive.  The r e s u l t i n g  bond i s  
s a i d  t o  be more r e s i s t a x t  t o  t e a r i n g  and p u l l i n g  than i s  the p l a s t i c  i t s e l f .  Such 
a technique would be a g r e a t  advantage i n  t h i s  work as  i t  would allow e a s i e r  bonding 
of materials such as T e f l o r ,  to m e t a l  adherends. A d v a n t a g e s  m i g h t  be  g a i n e d  i n  
composite bonding. With the  sketchy information a v a i l a b l e  i n  t h e  referenced a r t i c l e  
(17), the technique was c r i e d .  

The technique cons i s t ed  of forming a mommolecular l aye r  of a long chain 
hydrocarbon acid,  such a s  s t e a r i c  a c i d ,  on water from a benzene s o l u t i o n .  A f t e r  
evaporat ion of so lven t ,  t h e  acid end of t he  molecule has  an a f f i n i t y  f o r  water 
and remains i n  con tac t  w i th  tne Waf-er s u r f a c e .  The hydrocarbon end has no such 
a f f i . n i ty  and remains c l e a r  cf t he  water su r face .  Compressing the monomolecular 
l a y e r  causes a more p o s i t i v e  o r i e n t a t i c n .  I n s e r t i n g  a m e t a l l i c  adherend under 
the  l a y e r  causes the ac id  endti t.o be deposi ted on the. metal .  Making a hot-melt 
bond with a thermoplast ic  (such as polyethylene) betweei adherends treeted i n  t h i s  
manner, causes the s t e a r i c  ac id  t o  fcrm a chemical aluminum s t e a r a t e  bond with the 
me ta l .  The hydrocarbon end becoaes entwined i n  t h e  thermoplast ic  during the f u s i o n  
process .  

Successful  bonding was not: accomplished, probably because all of t h e  d e t a i l s  
i n  forming the monomolecGlar l age r  were not understood. The method, although n o t  
e x a c t l y  adaptable  t o  f i e l d  a p p l i c a t i o n ,  appears t o  have cons ide rab le  p o t e n t i a l .  
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G. Evaluat ion of  Primes 

The use o f  pr ime s o l u t i o n s  a r e  w e l l  recognized i n  the  a r t  of adhesive bonding 

It was thought t h a t  such a technique 
f o r  improving adhesive s t r e n g t h .  
w e t t i n g o f  bonding su r faces  by t h e  adhesive.  
might be advantageous foir cryogenic app l i ca t ions  , p a r t i c u l a r l y  where the adhesive 
m u s t  be processed a t  ambient temperature and we t t ing  might be a d i r e c t  funct ion 

The funct ion o f  such pr imes  i s  t o  cause b e t t e r  

of high v i s c o s i t y .  

The developed Adhesives A,  B ,  and C were evaluated a t  v e r y  low temperature 
with p r i m e s .  
and Adhesive C w€th a 10% polyurethane prime - a l l  c u t  wich toluene.  The form- . 
u l a s  a r e  shown below: 

Adhesive A and B were employed with a 10% epoxy-polyamide prime, 

Epoxy - polyamide Prime Polyurethane Prime 

R-esin 3135 50 pbw Adiprene L-100 100 pbw 
Curing Agent 7111  50 pbw Mo ca 11 pbw 
Tol.uene to make 10% solids Toluene t o  make 10% s o l i d s  

Cleaned 7075vT6 adherends were given one brush coat  of p r i n e  and immediately 
t r a n s f e r r e d  t o  a vacuum chamber and d r i e d  one hour a t  30” Hg a t  ambient temperature 
t o  remove a l l  toluene so lven t .  Subsequently,  bonding w i t h  each of t h e  t h r e e  adhe- 
s i v e s  followed standard,  e s t a b l i s h e d  procedures.  

Table 28 shows t h e  r e s u l t s  of  t h i s  s tudy.  There tended t o  be a marginal i m -  
provement through t h e  use of  primes. Peel  s t r e n g t h  improvement was more pronounced. 

H. Non-Premixed Two-Part Adhesives 

For t h e  sake of ease o f  a p p l i c a t i o n ,  i t  was thought worthwhile t o  determine 
wha. t  bond s t r e n g t h s  could be a t t a i n e d  without premixing a two-part adhesive such 
as an epoxy polyamine. 
t roweling an even coa t ing  of  Resin 3135 (epoxy c o n s t i t u e n t )  on one faying s u r f a c e ,  
and t roweling an even coaring o f  Curing Agent 7111 (polyamine c o n s t i t u e n t )  on t h e  
o t h e r  f ay ing  s u r f a c e .  The bonds were then made by assembling t h e  adherends coated 
with the  r e a c t i v e  components and applying contact  p re s su re  and curing a t  ambient 
temperature.  Table 2 8  (Code t 2 6 2 )  shows t h e  r e s u l t s  o f  t h i s  s tudy .  It was con- 
cluded t h a t  premixing was required t o  o b t a i n  optimum adhesive p r o p e r t i e s .  

Tens i l e  s h e a r  and t e e  p e e l  specimens were prepared by 

I .  S i n p l i f  i c a t i o n  o f  Bonding 

The a p p l i c a t i o n  requirements f o r  t h i s  r e sea rch  c a l l e d  f o r  s i m p l i f i c a t i o n  of  
bonding procedures,  
mind. We have s tud ied  s i m p l i f i e d  s u r f a c e  preparat ions such a s  s andb ias t ing ,  and 
s a t i s f i e d  t h e  requirements f o r  bonding a t  contact  pressure and room temperature.  
Accordingly, i t  i s  bel ieved t h a t  t h e  b e s t  adhesive systems developed t o  d a t e  l end  
themselves t o  f i e l d  a p p l i c a t i o n .  

The experimental  adhesives have been s e l e c t e d  wich t h i s  i n  

3 
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Two adhesive systems have performed very w e l l  a t  very low temperature and a t  
t he  same t i m e  have s a t i s f i e d  the requirements l i s t e d  above. These a r e  Adhesive A and 
Adhesive B.  
t o  compare the  s t r eng th  of bonds made with these two promising adhesives and cured 
a t  RT, 100, 150, and 200°F. Bonds were made by employing the s implest  techniques: 
sandblast  and sanding surface preparations , contact pressure,  and low curing temper- 
a t u r e .  

Table 29 and Figures 23 and 24 show the r e s u l t s  of a study intended 

Results i nd ica t e  t h a t  t he  RT and -320'F t e n s i l e  shear  s t r eng th  of  t he  nylon- 
f i l l e d  system tends t o  improve s l i g h t l y  with an e l eva ted  temperature cure. The 
RT and -320'F tee peel s t r eng th ,  however, tends t o  f a l l  o f f .  ' I n  the  composite 
system, the  RT and -320'F t e n s i l e  shear s t r eng th  tend t o  increase with elevated 
temperature cure,  the -320°F s t r eng th  showing the g r e a t e r  increase.  
conclusive,  t he  RT and -320'F tee peel s t r eng th  of t h i s  system showed a tendency to 
increase with an elevated temperature cure.  

Although not 

XIX. STUDY OF LOX 'IMPACT TNSENSITTIW ALS3ESI';IE: SYSTEMS 

NASA has performed .LOX compatibil i ty t e s t s  on some of the developed adhesives 
and adhesive cons t i t uen t s .  The polyurethane elastomer (Adhesive C) proved t o  be 
p a r t i c u l a r l y  LOX s e n s i t i v e .  
Agent 7 1 1 1 ,  common t o  both Adhesives A arhd 3, also  proved to be LOX s e n s i t i v e .  

The epoxy-polyamide adhesive Resin 3135 and Curing 

Because Adhesive B contains Teflon, a LOX compatible ma te r i a l ,  i t  was decided 
t o  evaluate  t h i s  adhesive in  a very spec ia l  manner. LOX impact t e s t i n g  of poly- 
mers i s  usual ly  conducted on a specimen 11/16!' OD x .0501' thickness.  It was 
believed t h a t  the mass o f  such a specimen was not t r u l y  r ep resen ta t ive  of  a glue- 
l i n e  0.005 - 0.008" thickness t h a t  wodd ul t imately be required t o  pass a LOX 
tes t .  A specimen was designed tha t  more closely represented such a g lue l ine .  

Paral le l - laminated specimens were prepared by bonding two sk ins  o f  0.020" 
7075-T6 bare  a1~uminv.m alloy with Adhesive B, the skins forming'the flat outer 
sides  of  t he  specimens with the 5-8 mil. gluel ine between and p a r a l l e l  t o  the 
sk ins .  The r e s u l t a n t  thickness was aboct 0 . 0 5 0 1 ' ,  and the  specimen was formed b y  
c u t t i n g  to  L1/16" OD. 

Cross-laminated specimens were prepared by laminating 1" wide x 12" long 
x .0201' s t r i p s  of 7075-T6 bare alamin-m a l l o y  with Adhesive B i n  such a manner 
t h a t  a 1" x 1" bar s tock  12" long r e s u l t e d .  This was t x n e d  on a l a t h e  t o  11/16" 
OD from which 50-mil t h i c k  specimens were cut .  
i n  Figure 25. 

The  types of specimens a r e  shown 

NASA reported t h a t  t he  specimens cons i s t ing  of a l t e r n a t e  l aye r s  of 7075-T6 
aluminum and Adhesive B were somewhat less LOX impact s e n s i t i v e  than rhe specimens 
of Adhesive B t e s t e d  withoat the al-min-m adherend. The reduction i n  impact 
s e n s i t i v i t y  of Adhesive r? was a t t r i b a t e d  t o  energy absorption by t h e  aluminum 
adherend. Somewhat va r i ab le  r e s u l t s  were obtained i n  these tes ts ,  however. 

n Further t e s t i n g  of adhesives Was performed without adherends of any kind. 
Heterogeneous adhesives f o r  LOX app l i ca t ions  reqcired separate  testi.ng f a r  each 
c o n s t i t u e n t .  
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I 

,Tens i l e  Shear, p s i  
R.T.  -320°F 

3020 2085 

3070 , 2 920 

3 145 3220 

3540 3370 

TABLE 29  

Tee Peel,  l b s / l "  - 
R. T. -320°F 

5 . 0  5.0 

5 . 0  5 . 0  

5 . 0  5 . 0  

4.0 4 . 0  

- 

SIMPLIFICATION OF BONDING 

6 Days 0 RT 

1 Hr. @ 100°F 

1 Hr. (3 150°F 

1 Hr. @ 200°F 

Adhesive System 

1 

15 90 3345 4.0 12.5 

185 9 3110 . 5.0 20.0 

2035 385 7 2 . 5  10.0 

2113 4845 5.0 15.0 

Resin 3135 (epoxy- 
polyamide f i l l e d  w i t h  
3 3 . 3  phr 200-mesh 
powdered nylon ( Z y t e l  
6 1) 

TWO substrate films 
of l-rni.1 Teflon FEP 
with  ' Na-naphtha l l n e  
e tch  bonded with 
Resin 3135 (epoxy- 

Cur i n g  
Conditions 

14 Days @ RT 

1 Hr. @ 100°F 

1 H r .  @ 150°F 

1 H r .  @ 200°F 

Note: See Figures 23 and 24. 
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.F igure  2 3 .  S i m p l i f i c a t i o n  o f  bonding procedures  -- 
The e f f e c t  of c u r i n g  tempera ture  on the  bond 
s t r e n g t h s  of  Resin 3135 (epoxy-polyamide) f i l l e d  
wi th  3 3 . 3  phr powdered nylon (Zy te l  6 1 ) .  

T e n s i l e  s h e a r  specimens were given a s a n d b l a s t e d  s u r f a c e  t r e a t m e n t .  
Average o f  4 specimens.  

I Tee p e e l  specimens were .  g iven  an abraded s u r f a c e  t rea tment  (W 400A S o f t -  
?I- Back wet -or -dry  a b r a s i v e  p a p e r ) .  S i n g l e  specimens.  
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T e n s i l e  s h e a r  specimens were given a s a n d b l a s t e d  s u r f a c e  t r e a t m e n t .  
Average of 4 specimens.  

* 
m 
n, 

Curing Temperature ,  O F  

F i g u r e  24. S i m p l i f i c a t i o n  o f  bonding procedures  -- 
The e f f e c t  of cu r ing  t empera tu re  on t h e  bond 
s t r e n g t h  of a composite adhes ive  c o n s i s t i n g  
o f  two s u b s t r a t e  f i l m s  o f  l - M i l  Teflon FEP 
w i t h  sodium-naphthalene e t c h  bonded wi th  R e s i n  
3135 (epoxy-polyamide) . 

Tee p e e l  specimens were g iven  an abraded  s u r f a c e  t r ea tmen t  (W 400A, 
Soft-Back wet-or-dry a b r a s i v e  paper ) .  S i n g l e  specimens.  
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Figure  25. I l l u s t r a t i n g  LOX c o m p a t i b i l i t y  specimens 
prepared w i t h  ADHESIVE E (composite sys-  
t e m  c o n s i s t i n g  of Tef lon  FEP f i l m s  i n  a n  
epoxy-polyamide) . Parallel- lant inatcd and 
cross- laminated specimens were made using 
20-mil 7075-T6 aluminum. Specimen dimen- 
s i o n s  were 11/15" OD x .050". 

i 
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Any adhesive c o n s i s t i n g  of a LOX s e n s i t i v e  c o n s t i t u e n t  was considered LOX 
s e n s i t i v e .  Because of t he  extreme hazard and t h e  consequent s t r i n g e n t  s a f e t y  
requirements involved, such compounds could n o t  be used i n  launch v e h i c l e  LOX 
systems, even though a s p e c i f i c  design a p p l i c a t i o n  might p a r t i a l l y  o r  wholly 
s h i e l d  t h e  s e n s i t i v e  component. There is  always the p o s s i b i l i t y  t h a t  t h e  sensi- 
t i v e  component can become exposed t o  d i r e c t  impact i n  LOX, and t h i s  s i t u a t i o n ,  
however remote, can on ly  be avoided i f  such m a t e r i a l s  a r e  not used. 

The ind ica t ed  s e n s i t i v i t y  of organic m a t e r i a l s  t o  LOX impact  c r i t i c a l l y  
l i m i t s  t h e  s e l e c t i o n  of adhesive c o n s t i t u e n t s  t o  a very few m a t e r i a l s  which 
e x h i b i t  adhesion - p o l y t e t r a f l u o r e t h y l e n e ,  polychlorotrifluorcethylene, and 
a copolymer of hexafluoropropylene and vinyl idene f l u o r i d e  - a l l  halogenated 
h igh  polymers. Usually,  processing can only be accomplished under the  most 
r i go rous  cond i t ions .  

A search of t he  l i t e r a t u r e  revealed g r e a t  d i sc repanc ie s  between which mater- 
i a l s  a r e  LOX impact s e n s i t i v e  and i n s e n s i t i v e .  
polymers previously r e p o r t e d  as LOX s e n s i t i v e ,  were i n  f a c t  LOX i n s e n s i t i v e  when 
employed i n  a very pure s ta te  (18) .  

One r e p o r t  revealed t h a t  many 

The manufacturers of  perhalo monomers, more s p e c i f i c a l l y  of pe r f luo ro  mon- 
omers, were contacted throughout t h e  country i n ' a n  at tempt  t o  o b t a i n  s u i t a b l e  m 
monomers f o r  syn thes i s  work. 
isocyanates  w e r e  sought.  
and polyurethanes f o r  upgrading the  LOX impact c o m p a t i b i l i t y  and general  cryogenic 
p r o p e r t i e s  of such polymers. The r e s u l t s  were nega t ive ,  and al though p repa ra t ion  
of such monomers i s  p o s s i b l e ,  t he  program could n o t  j u s t i f y  t h e i r  p repa ra t ion .  
Sources f o r  pe r f luo ro  d i a c y l  c h l o r i d e s ,  d i b a s i c  ac ids ,  and d i o l s  were found. 

Pe r f luo ro  diamines and pe r f luo ro  d i -  and tri- 
These were intended f o r  the  s y n t h e s i s  of pe r f luo ro  nylons , 

Every technique a t  our d i sposa l  waa employed €or  t h e  development of s t r u c t u r a l  
adhesives which would prove t o  be LOX compatible.  
adhesives was th ree fo ld :  (1) u t i l i z i n g  h s l o p l a s t i c  f i l m s  known %o be LOX compatible 
a s  hot-melt  adhesives ,  (2) formulating e x i s t i n g  adhesives with flame r e t a r d a n t s  
and us ing  t h e  ASTM D-635-56T Flammability Test  a s  a c r i t e r i a ,  and (3) syn thes i z ing  
new perhalogenated polyaier s t r u c t u r e s  which can be expected t o  e x h i b i t  LOX com- 
p a t i b i l i t y .  

The method of approach t o  such 

A .  Formula t i o n  S tud ie s  

A series of i no rgan ic  flame r e t a r d a n t s  (calcium carbonate ,  antimony t r i o x i d e ,  
and barium s u l f a t e )  w a s  used a t  a 33 and 67 phr l e v e l  to load t h e  epoxy polyamide 
adhesive Resin 3135. Two c o m e r c l a l  o rgan ic  flame r e t a r d a n t s  were a l s o  included.  
A f t e r  cu r ing  a t  RT the  r e s i n  specimens were subjected t o  the above flame tes t .  
The inorganic  agents  were n o t  capable of rendering the  specimens "non-burning" a t  
t h e  l e v e l s  s tud ied .  On i n i t i a l  i g n i t i o n  the re  was a tendency f o r  t h e  heterogeneous 
mass t o  melt with the  resin flowing away from the  r e t a r d a n t s .  I n  so doing, com- 
bus t ion  was supported.  I t  i s  emphatically pointed o u t  he re  t h a t  t h i s  phenomenon 
may no t  impair LOX compa t ib i l i t y .  
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m e  organic o r  semi-organic r e t a r d a n t s  were completely compatible with the  
r e s i n  system, forming a homogeneous mass. A t  t h e  concentrat ion l e v e l s  used, t hese  
agents  were not  e f f e c t i v e  f o r  producing a %on-burning" tes t  r e s u l t .  

Resu l t s  of t h e  flammabili ty tes ts  a r e  shown i n  Table 30. It was concluded 
t h a t  a t  the  concen t r a t ion  l e v e l s  employed, organic  and inorganic  flame r e t a r d a n t s  
were no t  e f f e c t i v e  i n  rendering t h i s  epoxy polyamide r e s i n  "non-burning" by t h i s  
tes t .  

Adhesive bosded specimens were made with t h e  orgznic  flame re t a rded  systems. 
These r e s u l t s  are shcwn i n  Table 31. The r e t a r d e r s  tend to lower the  adhesive 
s t rength-  a t  RT as w e l l  as a t  -320°F. 
be employed because of t h e  s a c r i f i c e  t o  adhesion. 

Greater  concentrat ions probably could no t  

Adhesive s t u d i e s  were a l s o  performed on a brominated epoxy r e s i n  (Epi-Rez 
5163), a ch lo r ina t ed  rubber (Parlon 300), ch lo r ina t ed  p o l y e s t e r s  (Hetron 32A and 
92) and a ch lo r ina t ed  epoxy (ERL 0625). A l l  of t hese  materials were r epor t ed  by 
t h e i r  manufacturers t o  pass t h e  ASTM flammabili ty tes t .  The tes t  d a t a  a r e  shown 
i n  Table 31. The halogenated polymers showed s i g n i f i c a n t l y  poorer adhesion 
p r o p e r t i e s  than t h e i r  nonhalogenated counterpar ts .  Use of such systems could be 
j u s t i f i e d  only i f  LOX compa t ib i l i t y  could be assured.  

An a r t i c l e  (19) indicated t h e  advantages of employing powdered polyf luoro- 
carbons as f i l l e r s  f o r  polyurethane elastomer systems. The advantage sought from 
such p r a c t i c e  was t o  render  t h e  s y s t e m  i n s e n s i t i v e  t o  impact under l i q u i d  oxygen. 
However, subsequent d i scuss ions  with the agency perforniing the tests have revealed 
t h a t  th i s  i s  n o t  a s a t i s f a c t o r y  Solut ion t o  the  problem. 

Adhesives C and D were modified with 33.3, 67 .7 ,  and 100 phr Teflon TFE 
powder (unetches).  Bonds were prepared with t h e  modif icat ions,  and the test 
r e s u l t s  a r e  shown i n  Table 31. 

I n  general ,  f i l l i n g  Adhesive C and D with Tef lon  powder resul ted i n  poorer 
adhesive s t r e n g t h  and toughness, both a t  -320°F and RT2 than i n  the u n f i l l e d  adhesives .  

Approximately one hundred u3x compa t ib i l i t y  specimens ( .O5Off  x 11/16" OD) f o r  
each of t h e  fou r  systems ind ica t ed  i n  Table 32 were submitted t o  NASA f o r  t e s t i n g .  
This w a s  an at tempt  t o  study t h e  fol lowing v a r i a b l e s  on LOX compa t ib i l i t y :  

a. 
b. Polyester  vs. epoxy chemical s t r u c t u r e  
c. E f fec t iveness  of flame r e t a r d i n g  agen t s  
d. 

Chlorine con ten t s  ranging from approximately 20-50% 

Cor re l a t ion  of LOX compa t ib i l i t y  w i th  ASTM D-635-56T burning tes t  

The t es t  r e s u l t s  a r e  shown i n  Table 32. A l l  specimens were found t o  b e  
c o n s i s t e n t l y  s e n s i t i v e  t o  LOX. A t  t h i s  p o i n t  some ve ry  d e f i n i t e  conclusions were 
drawn as a guide t o  t h e  development of LOX compatible s t r u c t u r a l  adhesives.  F i r s t ,  
c h l o r i n a t i o n  o r  degree of ch lo r ina t ion ,  up t o  SO%, w a s  no t  e f f e c t i v e  in producing 
a LOX compatible tes t  r e s u l t .  Perhaps halogen con ten t s  approaching 75-80"L, as 
i n  cases of Teflon and Kel-F, would be e f f e c t i v e ,  but t h i s  would only be p o s s i b l e  

12 1 



l L  

f 

'. 

TABLE 30 

PJIHESTVE FLAMMABILITY STUDIES AS A 
G U I D E  TO LOX COMPATIBILITY 

Res in  3135 p lus  33 phr Calcium Carbonate 

Res in  3135 p lus  67 phr Calcium Carbonate  

Resi.n 3135 p lus  33 phr Antimony Tr iox ide  

Resin 3135 p lus  67 phr Antimony T r i o x i d e  

Res in  3135 p lus  33  phr Barium S u l f a t e  

Res in  3135 p lus  67 p h r  Barium S u l f a t e  

Res in  3135 p lus  10 phr Phosphorane 

Same as #334, except 30 phr 

Same a s  11334, except  50 phr 

Res in  3135 p lus  30 phr Pyrostop E - 1 0 0  

Same,. as 1333,  except  40 phr 

Same BS 11333, except  50 phr 

Res in  3135 + 100 phr T e f l o n  7 

ADHESIVE C p lus  100 phr Teflon 7 

2 " 
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The organic o r  semi-organic r e t a rdan t s  were completely compatible with t h e  
r e s i n  system, forming a homogeneous mass. A t  t h e  concentration l e v e l s  used, these 
agents  were not e f f e c t i v e  f o r  producing a %on-burning" test. r e s u l t .  

Results of the flammability t e s t s  are shown i n  Table 30. It was concluded 
t h a t  a t  the concentration l e v e l s  employed, organic and inorganic flame r e t a r d a n t s  
were not  e f f e c t i v e  i n  rendering t h i s  epoxy polyamide r e s i n  %on-burning" by t h i s  
t e s t .  

Adhesive bonded specimens were made with t h e  orgenic flame retarded systems. . 
These resu l t s  a r e  shown i n  Table 31. The r e t a r d e r s  tend t o  lower t h e  adhesive 
s t r e n g t h  a t  RT as w e l l  a s . a t  -320°F. 
be employed because of t h e  s a c r i f i c e  t o  adhesion. 

Greater concentrations probably could not  

Adhesive s t u d i e s  were a l s o  performed on a brominated epoxy r e s i n  (Epi-Rez 
5 16": a chlor inated rubber (Parlon 300) , chlor inated polyesters  (Hetron 32A and 
92) and a chlor inated epoxy (ERL 0625). A l l  of these materials were reported by 
t h e i r  manufacturers t o  pass t h e  ASTM flammability test. The t e s t  da t a  are shown 
i n  Table 31. The halogenated polymers showed s i g n i f i c a n t l y  poorer adhesion 
p rope r t i e s  than t h e i r  nonhalogenated counterpar ts .  Use of such s y s t e m s  could be 
j u s t i f i e d  only i f  LOX compatibi l i ty  could b e  assured. 

An a r t i c l e  (19) indicated the advantages of employing powdered polyf luoro- 
carbons as f i l l e rs  f o r  polyurethane elastomer systems. The advantage sought from 
such p r a c t i c e  w a s  t o  render the  system i n s e n s i t i v e  t o  impact under l i qu id  oxygen. 
However, subsequent discussions with the agency performing the tests have revealed 
t h a t  this is not a sat i .sfactory so lu t ion  to the problem. 

Adhesives C and D were modified with 33.3, 67.7, and 100 phr Teflon TFE 
powder (unetches) . Bonds w e r e  prepared with t h e  modif i .cations and the tes t  
r e s u l t s  a r e  shown i n  Table 31. 

In general, filling Adhesive C and D with Teflon powder resul ted  i n  poorer 
adhesive s t r eng th  and toughness, both a t  -320'F and RT, than in tlie u n f i l l e d  adhesives.  

Approximately one hundred LOX compatibi l i ty  specimens (.050" x 11/16" OD) f o r  
each of the  four systems indicated i n  Table 32 were submitted t o  NASA f o r  t e s t i n g .  
This w a s  an attempt t o  study the  following v a r i a b l e s  on LOX compatibi l i ty:  

a. 
b. Polyester vs. epoxy chemical s t r u c t u r e  
c. 
d. 

The test r e s u l t s  a r e  shown i n  Table 32. 

Chlorine contents ranging from approximately 20-50% 

Effect iveness  of flame r e t a r d i n g  agents 
Correlat ion of LOX compatibi l i ty  with ASTM D-635-56T burning t e s t  

All specimens were found to be 
cons i s t en t ly  s e n s i t i v e  t o  LOX. At t h i s  point some very d e f i n i t e  conclusions were 
drawn as a guide t o  the development of LOX compatible s t r u c t u r a l  adhesives. F i r s t ,  
ch lo r ina t ion  o r  degree of chlor inat ion,  up t o  50%, was not e f f e c t i v e  i n  producing 
a LOX compatible test  r e s u l t .  Perhaps halogen contents approaching 75-80%, as 
i n  cases  of Teflon and Kel-F, would be e f f e c t i v e ,  but t h i s  would only be poss ib l e  
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TABLE 31 

LOX DIPACT FORMULATIOW STlJDIES 
(7075-T6 Bare Aluminum) 

;ode 
No. 

315 

316 

3 17 

319 

328 

329 

330 

331 

333 

3 3 7  

338 

334 

335 

System 

Epon 812iEpi-Rez 5163, 
5/20,  10 phr Shell U 

Same a s  #315, except  
30 ph r  S h e l l  C 

Same as #315, except  
50 phr Shell U 

Epon 828lPar lon  300, 
100/5,30 phr S h e l l  3 

Hetron 32-A/MEK 
peroxidelco-naphth , 
2%/0.5% 

Same a s  #328, excep t  
S X l l . 2 5 ~  

Hetron 92/MEK peroxide,  
co-naphth,  2%/0.3% 

Same a s  #330, except  
5%/1.25% 

Resin 3135 p l u s  30 phr 
Pyrostop E-100 

Same as 11333, except  
40 phr  

Same as 8333, except  
50 phr  

Resin 3135 p l u s  10 phr  
phos phorane 

Same a s  f334,  except  
30 phr  

T e n s i l e  Shear ,  p s i  
<T Cure, L 
days 

25 

25 

25 

4 

6 

6 

6 

6 

4 

10 

10 

4 

10 

-320 O F  

217 

747 

658 

699 

60 1 

825 

47 3 

532 

1239 

1292 

1251 

1426 

2165 

RT 

635 

1100 

1042 

1141 

1606 . 

1572 

1059 

1146 

3 940 

2085 

2 580 

2292 

2932 

Tee P e e l ,  l b s / l "  

-320 O F  RT 

i 
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TABLE 31 (Continued) 

336 

340 

- 

341 

342 

343 

344 

345 

c 

System Code 
No. 

Same as  #334, except  50 phr 

Hetron 92/MEK peroxide/Co- 
naphth.  , i00/2%/0-;5% p l u s  
two 1 - m i l  s u b s t r a t e  f i lms  
Te f lon  FEP , Type 544 

Same as 6340, except  33.3 
phr Antimony Tr iox ide  

ERL 0625/MPDA, 100/10.6 

ERL 0625/HET/BDMA 
100 / 1L 5 111 2% 

Same as #342, except  two 
1 - m i l  s u b s t r a t e s  of Teflon 
FEP, Type 544 

Same a s  #343, except  two 
1 - m i l  s u b s t r a t e s  of  Tef lon  
FEP,  Type 544 

Fusion 
Temp. 

700 O F  

'Ode I Adhesive System 
No. I 

Test 
Temp. 

-423 O F  

-320 O F  

-67 O F  

RT 
. +125 O F  

+18O0F 

- -1 

RT Cure, 
Days 

10 

3 

3 

6 h r s  @ 
325 OF 

6 h r s  (3 
325 OF 

6 h r s  (3 
3 25 OF 

6 h r s  @ 
325 O F  

T e n s i l e  Shea r ,  
p s i  

- 
RT 

Tee Pee l  
l b s / l "  

-320 OF 

2432 

40 2 

63 3 

1530 

9 13 

4295 

3687 

--- 

304 

-- 
2747 

10 83 

1470 

200 1 

10 70 

1939 

1823 

ADHESIVE F (5-mil Teflon 
FEP , Type A ,  f i lm)  

Aclar 22C 5 - m i l  
( f luorohalocarbon f i lm)  

LOX MPACT INSENSITIVE ADHESIVE SYSTEMS 

I 
-3 20 OF 

6000F I RT 

Tee Peel 
-320 O F  

--- 

2.9 

2 .o 
-_ -  
- - -  

3 . 5  

9 . 1  

l b s l l "  
RT ' 

5373* 
40 80* 
3190 
1448 

930 
823 

4214 
1817 

---- 
51 .O 

10 .o 
5.5 
4.5 

18.5 

10.5  
8 .9  

T e n s i l e  Shear  Specimens - -  0.050" 1 7 - 7  s t a i n l e s s  s t ee l  1" wide coupons wi th  
hydrogen peroxide e t c h  and nonded wi th  h a l f - i n c h  
ove r l ap  by r e s i s t a n c e  hea t ing .  Average of 4 specimens.  
Tes t ed  per  MIL-A-5090D. 

Tee P e e l  Specimens - - - - - - -  0.020" 17-7 s t a i n l e s s  s tee l  1" x 12' '  coupons wi th  
hydrogen peroxide  e t c h  and bonded wi th  t o t a l  ove r l ap  
by r e s i s t a n c e  hea t ing .  S ing le  specimens.  Tes t ed  a t  
a head t r a v e l  of 2"/inin. 

* F a i l u r e  i n  g r i p p i n g  ends of m e t a l l i c  adherends 
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I with perhalogenation. Resins t h a t  could be processed a t  room temperature a s  
adhesives were not  a v a i l a b l e  with such high halogen con ten t s .  
as a f i l l e r  was  not  promising. 

Addition of  halogen 

Second, po lyes t e r  chemical s t r u c t u r e  could no t  be d i f f e r e n t i a t e d  from epoxy 
chemical s t r u c t u r e  wi th  r e s p e c t  t o  LOX compa t ib i l i t y .  
flame r e t a r d a n t s  (such as antimony t r i o x i d e )  with a highly ch lo r ina t ed  p o l y e s t e r  
r e s i n  was n o t  e f f e c t i v e  f o r  producing a LQX compatible test r e s u l t .  

Th i rd ,  t h e  use o f  inorganic  

Fj.nally, t h e r e  appeared to be no s i g n i f i c a n t  c o r r e l a t i o n  between the  burning 
i n  a i r  and LOX compa t ib i l i t y .  

All of t h e  above LOX speciizens were 0.050" t h i c k  and ll./1,611 OP. A l l  were hard 
and b r i t t l e ,  a f a c t o r  which would have been ir. t h e i r  favor .  It has been reported 
t h a t  very b r i t t l e  materials may s b t t e r  beneath the pin too e a s i l y  t o  absorb t h e  
full impact of t h e  s t r i k e r .  R e s i l i e n t  materials are s a i d  t o  de tona te  more e a s i l y  
than b r i t t l e  m a t e r i a l s  , p a r t i c u l a r l y  i f  t h i n  (20). 

Chemical bond ene rg ie s  may exp la in  why Tef lon ,  f o r  example, i s  LOX s a f e .  The 
F-C bond energy is 105.4 Kcal/mole, whereas the C-H bond is  98.8, t h e  C-C bond 
83.1, and the C-C1 bond 78.5 Kcal/mole. P o s t u l a t i c g  then, perf l u o r i n a t i o n  ' 

(75-80%) may be t h e  only means of attaining'LOX compa t ib i l i t y ,  such as  pe r f luo r ina t ed  
epoxy, po lyes t e r ,  polyurethane, a i d  s i m i l a r  res ins .  

.7 
4 

A small amount of wcjrk was done w i t h  flame r e t a r d a n t s  i n  an attempt t o  render 
a n  epoxy-polyamide adhesive (Resin 3135/7111) "non-burning" by t h e  ASTM t es t .  
Cechlorane (5-10 micron) was used a t  a f i l l e r  loading l e v e l  of 33, 67 ,  and 100 
p a r t s  per  one-hundred p a r t s  r e s i n .  A ltnon-burning" test  r e s u l t  could no t  be 
a t t a i n e d  a t  t he  two lower loading r a t e s ,  but  was a t t a i n e d  a t  t h e  higher  l e v e l .  

Because of. t h e  r e s u l t s  i n  the foregoing s e c t i o n ,  no further work was conducted 
with flame r e t a r d a n t s  o r  burn ' tests.  

, 
B .  Synthesis  Work 

It has a l r eady  been pointed o u t  t h a t  t h e r e  are no polymers having LOX com- 
I p a t i b i l i t y  which can be processed as room ter,iperature cu r ing  adhesives .  Synthesis  

of new polymer s t r u c t u r e s  o r  modif icat ion of  e x i s t i n g  polymers i s  the only 
approach t o  the  d e s i r e d  adhesives havir.g LOX compa t ib i l i t y .  

It has been r epor t ed  (21) t h a t  t h e r e  appears t o  be a c o r r e l a t i o n  between 
flammabili ty and LOX compa t ib i l i t y  of polymers ( i . e . ,  t hose  t h a t  burn i n  a i r  are 
n o t  LOX s a f e  and those  t h a t  do not burn i n  a i r  itlight poss ib ly  be LOX s a f e ) .  The 
ASTM D 635-56T flammabili ty tes t  was s e l e c t e d  a s  a sc reen ing  guide.  
r e s i n s  were prepared with a Chlorinated d i b a s i c  a c i d  (chlorendic  anhydride) and 
polyols of  var ious carbon chain l eng th  ( e thy lene ,  propylene, butylene,  and pentylene 
g lyco l s ) .  It was a n t i c i p a t e d  t h a t  t h e  flammabili ty of t h e  r e s u l t i n g  alkyds could 
be d i s t ingu i shed  and c o r r e l a t i o n  made between atomic weight percentage ch lo r ine  
and flammabili ty c h a r a c t e r i s t i c s .  
ch lo r ine  content w a s  required i n  t h i s  alkyd chemical s t r u c t u r e  t o  produce a %on- 
burning" t e s t  r e s u l t .  

Several  alkyd 

Thus it  might be p o s s i b i e  t o  determine w h a t  
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Although the  atomic weight percentage c h l o r i n e  i n  t h e  above synthesized alkvds 
ranged from about 5 0  t o  44 pe rcen t ,  a l l  f lammabili ty tests produced a %on-burning" 
r e s u l t .  It was concluded t h a t  t he  test was not s u f f i c i e n t l y  s e n s i t i v e  t o  d i s t i n g u i s h  
burning c h a r a c t e r i s t i c s .  Actual ly ,  t h e  alkyds d id  burn ir. the presence of an i g n i t i n g  
flame, and melted p ro fuse ly ,  but  were se l f - ex t ingu i sh ing  when the  flame was removed. 

The atomic weight percentage f l u o r i n e  i n  Teflon is  about 7 8  percent,  which is 
reported t o  be LOX compatible,  whereas t h e  percentage f l u o r i n e  i n  v iny l idene  f l u o r i d e  
polymer is about 53 percent,which is  reported t o  be marginal ly  LOX compatible. 
Since both of  these f l u o r i n a t e d  polymers give a %on-burning" r e s u l t  according t o  
t h e  above t e s t ,  i t  was f i n a l l y  concluded t h a t  t h i s  f lammabili ty test  was poor f o r  
screening purposes. 

The poiyurethane elastomers  have praver: t o  be the  most z t t r a c t i v e  of a l l  adhe- 
s i v e s  a t  temperatures down t o  the  l i q u i d  hydrogen p o i n t .  Unfortunately,  they have 
a l s o  proven t o  be t h e  most LOX s e n s i t i v e  materials.  It was n a t u r a l  then t h a t  t h i s  
s t r u c t u r e  should become t h e  s u b j e c t  f o r  modif icat ion.  
p a t i b i l i t y  a f fo rded  the carbon chain by f l u o r i n a t i o n ,  as i n  the case of  Teflon,  
halogenat ion was the f i rs t  step i n  s t ruc tura l  modification of t h e  polyurethanes.  
Perhalogenation was the u l t i m a t e  goal .  

Because of t h e  LOX com- 

It has been r epor t ed  (22) t h a t  t h e  phenyl i socyana te s  can be c h l o r i n a t e d  
d i r e c t l y .  The r e a c t i o n  occurs v i a  carbamyl ch lo r ides  and can be forced t o  poly- 
c h l o r i n a t e d  phenyl isocyanates .  

A stream of dry c h l o r i n e  gas was passed through a c o l m n  con ta in ing  to ly l ene -  
2,4 d i i socyana te  i n  t h e  presence of  i n t e n s e  u l t r a v i o l e t  l i g h t  f a r  a per iod of  
about 4 hours.  
About n i n e t y  percent  of  t h e  product d i s t i l l e d  over  a t  a b o i l i n g  range of 155OC- 
159°C a t  17 mm Hg. 
f r a c t i o n  was a t  least 24.6% C1. This ind ica t ed '  c h l o r i n a t i o n  of  on ly  t h e  a l i p h a t i c  
s i d e  chain on the  aromatic  nucleus. The product was judged t o  be a t  l e a s t  CHC12 
(CgH3) (NC0)2  having 29% c h l o r i n e ,  o r  possibly CCl3(C6H3) ( N C 0 ) z  having 38% 
ch lo r ine .  I n  no case could t h e  pe rch lo r ina t ed  isocyanate  CCL3 (C6CL3) (NC0)2 with 
56% c h l o r i n e  have r e s u l t e d .  

The r e s u l t i n g  product,on cooling t o  ambient temperature, s o l i d i f i e d .  

A q u a n t i t a t i v e  ch lo r ine  a n a l y s i s  (sodium fus ion )  of this 

Adiprene 2-100 i n  carbon t e t r a c h l o r i d e  was a l s o  c h l o r i n a t e d  i n  a manner s imi la r  
t o  t h e  foregoing halogenat ion.  The product was f i n a l l y  s t r i p r e d  of so lven t  and 
t h e  carbamyl ch lo r ide  broken by hea t ing  under 1 7  mm Hg a t  180 C .  
was catalyzed wi th  11 phr Moca, causing an immediate g e l l a t i o n ,  precluding bond 
p repa ra t ion ,  No explanat ion could be given f o r  t he  increased r e a c t i v i t y  o f  the 
Chlorinated product.  

The f i n a l  product 

XX. COMPREHENSIVE EVALUATION OF ADHEREND SURFACE PREPARATION FOR OPTIMUM. 
ADHESIVE PROPERTIES AT VERY LOW TEMPERATURE 

A .  E l e c t r o  Metal F i n i s h i n g  

A comprehensive s tudy of  adherend su r face  p repa ra t ions  hss  a l r e a d y  been 
accomplished and r epor t ed ,  Adherends included 7 0 7 5 - T 6  bare aluminum a l l o y  and 
17-7  PH s t a i n l e s s  s tee l ,  Treatments f o r  the former included a s o l v e n t  degrease,  
s andb las t  , sodium dichromate s u l f u r i c  a c i d  e t c h ,  anodizing,  a n d  the  commercial 
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i, 

treatment Prebond 700. 
was Metlhmd 406, a nylon-epoxy adhesive. 
used a s  the  c r i t e r i a .  It was concluded t h a t  t h e  anodized s u r f a c e  f o r  aluminum 
and t h e  hydrogen peroxide su r face  for s t a i n l e s s  steel- were optimum. 
su r faces  were found t o  be close equivalents  t o  these treatments i n  t h i s  study. 

The adhesive se l ec t ed  f o r  evaluat ion a g a i n s t  thes% surfaces  
Tensile shear  s t r e n g t h  a t  -320 F waa 

Sandblasted 

More r ecen t ly ,  a newer su r face  treatment has been evaluated -- e l e c t r o  metal 
f inishing.* This process can remove accura t e ly  con t ro l l ed  amounts of metal from 
su r faces .  
described above?. The same conclusions drawn above s t i l l  sta.nd, although the e l e c t r o  
metal. f i n i s h i n g  produced q u i t e  an adequate su r face .  Table 33 shows the resul ts  
of t h i s  work. 

This su r face  was evaluated i n  p rec i se ly  the  same manner as the  su r faces  . 

B .  E f f e c t  of Adherend Surface Treatments 01. t he  Strength of t h e  Developed Adhesive 
Sys tems 

Although an abraded o r  sandblasted suzface treatment was  recommended as a close 
equivalent  t o  chemical etches  when the 350 F cured Metlbond 406 was evaluated,  
r a t h e r  e r r a t i c  data  were co l l ec t ed  when an abraded o r  sandblasted su r face  was used 
with the  developed RT curing adhesives (Adhesives A, B ,  and C ) .  This e f f e c t  was 
noted both i n  adhesive s t r e n g t h  ( t e n s i l e  shear) and adhesive toughness ( t e e  pee l ) .  
It was f e l t  t h a t  more study along the l i n e s  of su r face  preparat ion was necessary 
t o  resolve t h i s  d i f f i c u l t y .  It i n i t i a l l y  appeared t h a t  cu r ing  temperature might 
d i c t a t e  a s p e c i f i c  su r face  t reatment  f o r  optimum bond s t r e n g t h  a t  low temperature 
and, s i m i l a r l y ,  t h a t  each s p e c i f i c  adhesive property sought,  such a s  t e n s i l e  shea r ,  
tee peel, e t c . ,  might require  i t s  own su r face  treatment f o r  optimum prope r t i e s .  

Table 34 and Figure26 reveal the r e s u l t s  of a study wherein the t h r e e  developed 
afnesives were evaluated aga ins t  7075-T6 bare  aluminum a l l o y  having a sandblasted 
and a l s o  a sodium dischromate s u l f u r i c  a c i d  etch.  Cure w a s  a t  ambient temperature 
and contact  pressure.  Tensi le  shear  s t r e n g t h  was determined over  the temperature 
range from -320% t o  +180°F. 
b e t t e r  adhesive s t r e n g t h  than the sandblasted s u r f a c e  t r e a t m e n t  over the  entire 
temperature range inves t iga t ed .  

It was found t h a t  t h e  chemical e t c h  gave s i g n i f i c a n t l y  

A s i m i l a r  study w a s  made o f  t he  e f f e c t s  o i  adherend su r face  treatments on 
tee peel s t r e n g t h .  The r e s u l t s  were even more r evea l ing .  A sanded su r face  was 
used in s t ead  of  a sandblasted surface and compared with t he  chemical etched 
su r face .  Some of t hese  adhesive bonds were not considered good f o r  reasons ex- 
plained i .z  the  s e c t i o n  under "Composite Adhesives ." 
C .  Adherend Chemical Etches f o r  F i e l d  Application 

Keeping i n  mind t h a t  a chemical e t ch  appears t o  be ind ica t ed  'in order  t o  ob ta in  - _  
optimum adhesive p rope r t i e s ,  some work was done t o  adapt 
s u l f u r i c  a c i d  e t c h  f o r  f i e l d  a p p l i c a t i o n .  The following 

Sodium Dichromate 30 Parts by 
D i s t i l l e d  Water 50 P a r t s  by 
Conc. S u l f u r i c  Acid 50 Parts  by 
Santocel C 10 P a r t s  by 

the sodium dichromate 
e t chan t  w a s  prepared: 

weight 
weight 
weight 
weight 

*Electro Process & Engineering Corporation, San Diego 10, Ca l i fo rn ia  
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TABLE 33 

EVALUATION OF ADHEREND SURFACE PREPARATIONS FOR 
OPTIMUM ADHESIVe PROPERTIES AT 

VERY LOW TEMPERATURE 

Sur face  P r e p a r a t i o n  

7075-T6 Bare Aluminum Alloy 

Solven t  Degrease* 
Sandblast* 
Sodium Dichromate S u l f u r i c  Acid Etch* 
Alodine* 
An0 d iz e* 
E i e c t r o  Metai  F i n i s h i n g  

I 

t I 17-7 PH S t a i n l e s s  S t e e l  

So lven t  Degrease* 
Sandblast* 
Phosphate  Etch* 
Hydrogen Peroxide  Etch* 
Prebond 700* 
E l e c t r o  Meta l  F i n i s h i n g  

T e n s i l e  Shear  S t r e n g t h ,  p s i  

-320'F 

1216 
3660 
3735 

97 7 
4691** 
4200 

3298 
4690 
2280 
5446** 
3568 
3640 

RT 

2468 
4040 
6360 
3235 
5895 
42 62 

4202 
5008 
4095 
4125 
4420 
3920 

Adhesive: 
Adherends: .064" Breakaway p a n e l s ,  me ta l  and s u r f a c e  t r e a t m e n t  as i n d i c a t e d ,  

T e s t i n g :  Per  MIL-A-5090D. Average of  f o u r  specimens.  

Metlbond 406, cured  15 min. a t  350°F a t  2 5  psi. 

and bonded w i t h  1/2" overlap. 

' *Data taken from Table  7 
*Considered Optimum. 
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TABLE 34 

EFFECT OF ADHEREND SURFACE TREATMENTS ON THE 
STRENGTH OF THE "UEVELOPED ADHESIVE SYSTEMS 

Cure Time i Tens i l e  Shear Strength p s i *  
Adhe s ive A t  Test  1- Sodium Dic rornate 

R T ,  days Temp. Surface Treatment Sul fur ic  Acid Etch 

ADHESIVE A 6 -7 -320'F 2570 2380 
6 -7 -67°F 2282 3180 
6 -7 RT 2520 3355 
6 -7 +125OF 908 1538 
6-7 +llrO°F 39 a 500 

ADHESIVE B 6 -7  -320OF 2905 49 55 
6 -7 -67'F 3420 3550 

199 5 
1332 

6 -7 RT 1927 
6 -7 +12S°F 1352 
6 -7 +180°F 5 13 7 62 

ADHESIVE C b -7 -320'F 3400 5450 
6 -7 -67'F 3165 4765 
6 -7 RT 781 1561 
6 -7 +125"F 576 7 42 
6 -7  +18OoF 3 89 45 6 

1 
Adherends: .064" 7075 -T6 Bare aluminum alloy breakaway panels bonded with  

1 1 2 "  overlap a t  ambient temperature and contact pressure. 

Test ing:  Per MIL-A-5090D 

*Average of four specimens. 
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6000 

5000 

Adherends: .064” 7075-T6 Bare Aluminum Alloy Breakaway 

Cure: RT and Contact Pressure 
Testing: Per MIL-A-5090D 

Panels w i t n  1/2” Overlap 

I I I I I I I 

-400 - 300 -200 - 100 0 100 2 00 

- Test TemperaLure, - O F  

Sodium Dichromate Sul fur ic  
Acid Etched Surfaces !I A 

Abraded Surfaces q (Sandblasted) 

A 
Pi.gure 26 .  Effect of adherend surface treatment on the 

s trength of the developed adhesive systems 
13 1 
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The r e s u l t a n t  e tchant  w a s  a heavy, paste- type material t h a t  could be appl ied 
t o  ho r i zon ta l ,  v e r t i c a l ,  o r  overhead su r faces  with a brush, s p a t u l a ,  o r  trowel. Sur- 
f a c e s  were f i r s t  degreased wi th  m e t h y l  e t h y l  ketone, coated w i t h  the e t chan t  and 
allowed t o  reniair. 50 minutes, then washed down with t a p  water, and f i n a l l y  a i r  
d r i ed .  
a c i d  e t ch  descr ibed previously.  
t o  eva lua te  t h e  surfaces .  Table 35 shows t h e  r e s u l t s  of t h i s  study. 

The s u r f a c e  w a s  compared wi th  t h e  s tandard eodium dichromate s u l f u r i c  
Adhesive C cured a t  RT con tac t  p re s su re  w a s  used 

The paste- type e t chan t  gave e x c e l l e n t  t e n s i l e  shear  s t r e n g t h  a t  -320'F; 
however, a l l  o t h e r  ambient and low temperature p r o p e r t i e s  were lower than t h e  
s tandard etch. T h i s  may have been due t o  non-optimum cur ing  t ime a t  RT. 

Some a d d i t i o n a l  work was done i n  adapt ing adherend chemical e t ches  f o r  f i e l d  
a p p l i c a t i o n .  Adhesives A, B, and C were evaluated on 7075-T6 ba re  aluminum and 
17-7 PH s ta in less  s t e e l .  The paste- type sodium dichromate s u l f u r i c  a c i d  etch,  
previously descr ibed,  w a s  used f o r  aluminum. The fol lowing paste- type e t c h  f o r  
s t a i n l e s s  s t e e l  w a s  used: 

Step #l 
Hydrochloric Acid 35% 100 PbW 
Hydrogen Peroxide 30"k 4 
Forma 1 i n  40% 20 
Santocel  C 15.5 

Step 112 

S u l f u r i c  Acid (conc.) 100 PbW 
Sodium Dichromate 10 
Dis t i 1 l e d  Water 30 
Santoce 1 C (approx. ) 15 

I 
The s t a i n l e s s  su r faces  were t r e a t e d  40 minutes a t  RT i n  Step #l, fallowed by 

40 minutes a t  RT i n  Step #2. The r z s u l t s  are shown i n  Table 35. T e n s i l e  shear  and 
I t e e  p e e l  s t r e n g t h s  w e r e  not as good on e i t h e r  adherend with a l l  adhesives  as wi th  . 
I chemical e t ches  app l i ed  a t  higher  temperatures under more c o n t r o l l e d  condi t ions.  

D.  Surface Roughness S t u d i e s  

Considerable a t t e n t i o n  has been given t o  s u r f a c e  roughness in connection with 
adhesive bonding i n  r e c e n t  years. Peel  s t r e n g t h  (adhesive toughness) has  Seen 
r epor t ed  t o  inc rease  p ropor t iona te ly  w i t h  degree of s u r f a c e  roughness (23). It 
was considered worthwhile t o  s tudy t h i s  e f f e c t  for optimizing adhesive fitrength 
and toughness a t  extremely low temperature. 

Five d i f f e r e n t  s u r f a c e  roughness cond i t ions  (shown i n  Table 36) were app l i ed  
t o  t e n s i l e  shear  and tee p e e l  adherends. 
degree of s u r f a c e  roughness, a s  t h i s  would be a very d e t a i l e d  s tudy i n  i t s e l f .  
Microscopic examination was used t o  a s s u r e  t h a t  t h e  r e s u l t i n g  s u r f a c e s  had good 
i n t e g r i t y  with no loose p a r t i c l e s ,  and had widely d i f f e r e n t  degrees  of roughness. 
The f i n a l  t reatment  w a s  t o  apply a sodium dichronlate s u l f u r i c  a c i d  e t c h  t o  a l l  
roughened s u r f a c e s  t o  a s s u r e  t h a t  each s u r f a c e  was given the same oxidized su r face  
p r i o r  t o  bonding. 

No a t t e m p t s  were made t o  d e f i n e  the  
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Chemical Etch  
and 

Adhesive 

ADHESIVE C w i t h  
S tanda rd  Sodium 
Dichromate S u l f u r i c  
Acid E t c h  

ADHESIVE C w i t h  
P a s t e  Type Sodium 
Dichromat e Su k f u r  i c  
A c i d  Etch for F i e l d  
App 1 ica t  i o n  

Adhes ive ,  Adherend I 
6 S u r f a c e  Treatment  

7075-T0 Bare Aluminum 
A l l o y ,  P a s t e  Type 
Sodium Dichromate 
S u l f u r i c  Acid E t c h  

ADHESIVE A 
ADHESIVE B 
ADHESIVE C 

17-7 PH S t a i n l e s s  
S t e e l ,  P a s t e  Type 
Hydrogen Per  ox ide  

ADHESIVE A 
ADHESIVE B 
ADHESIVE C 

Etch 

TABLE 35 

CHEMICAL ETCHES FOR FIELD APPLICATION 

Cure @ 
R T ,  Days 

5 -9 

2-112 

T e n s i l e  Shear  
- S t r e n g t h ,  p s i  

-320'F RT 

5157$* 1670* 

5057** 546 

2367 1711 
639 2302 
650 2527 

2625 1720 
1574 2417 
465 5172 

- 
Pee Pee l  S t r e n g t h ,  

l b s / l "  
-320°F RT 

40 .o* 22.5* 

5.5 11 .o 

2.5 3 .1  
1 .9  7.9 
2.5 2 ..I 

c c  

f 

* Prev ious ly  Reported Gate 
** F a i l u r e  i n  Adherends 
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TABU 36 

EFFECT OF SURFACE ROUGHNESS ON ADHESIVE STRENGTH 
AND TOUGHNESS AT VERY LOW TEMPERATURE 

(ADHESIVE C) 

(7075-aT6 Bare Aluminum) 

#l- Scribed Diagonal 
Lines , 

8 2 .  Sandblast  
53. Pol ished Surface 
14. Sanded with #36 

Garnet Paper 
#5. Sodium Hydroxide 

Etched Surface 

I 

6 
6 
6 

6 

7-11 

Cure  a t  I RT, Days Surface Roughness* I 
5075** 
5 23 W* 
5375** 

5390** 

1026 15.5 
1210 29 .O 
1217 11.5 

1412 17.5 

L I 

5130** I 1100 

T e n s i l e  Shear,  p s i  I Tee Peel 
-320'F I RT. I -320°F 

49.5 

* A l l  su r f aces  were etched with s tandard sodium dichromate 
s u l f u r i c  a c i d  a f t e r  surface roughening. 

** F a i l u r e  i n  adherend gr ipping holes .  
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The roughened and atched adherends were bonded with Adhesive C a t  ambient 
temperature and contact  p re s su re .  
mined both a t  -320'F and RT. 
of m e t a l l i c  adherends was experienced with t e n s i l e  shear a t  -320'F, e l iminat ing 
t h i s  data from the  comparison. 

Tensi le  shear and t e e  peel  s t r eng ths  were de te  
Results of t he  study 1-re shown i n  Table 35. Fa i lu re  

I t  was concluded t h a t  the degree of surface roughness had considerable in-  
f luence on t e e  peel s t r eng th  a t  t he  l i q u i d  ni t rogen temperature. 
shear  and tee peel s t r eng ths  were not a s  not iceably effected,  No f u r t h e r  work 
was conducted along these l i n e s .  

The RT t e n s i l e  

XXI. EVALUATION OF THE DEVELOPED ADHESIVES AGAINST MISCELLANEOUS ADRERENDS 

The following a l loys  are of  i n t e r e s t  t o  t he  National Aeronautics and Space 
Administration: 

A1 uminum S t a i n l e s s  

7075-T6 
22 19 -T8 7 
2014-T6 
6061-T6 
5456-H-343 
2024-T3 Clad 

17-7 PH 
301-1/2 Hard 
321 

T i  tan i u m  

AMs 4910 

Adhesive A ,  B y  D and E were se l ec t ed  f o r  evaluat ing the t e n s i l e  shear  s t r e n g t  
Adhesive C was el iminate  a t  RT and -320°F when rhe above adherends were employed. 

from t h e  study because t h e  polymer w a s  common t o  Adhesive E,which has improved 
toughness c h a r a c t e r i s t i c s .  Adhesive I? WSE eliminated frcm the study since t h e  
700'F processing temperature w a s  not compatible with aluminum a l l o y s .  

Surface preparat ion f o r  t he  aluminum a l loys ,  without exception, was the s t anda r  
sodium dichromate s u l f u r i c  a c i d  e t ch .  S t a in l e s s  steel preparation was the hydroge 
peroxide e t ch .  Titanium preparat ion was a n i t r i c / h y d r o f l u o r i c  a c i d  e t c h .  These 
su r face  treatments heve been previously described. A l l  a l l o y s  were die-punched 
in to  t h e  standard breakaway type panels.,  with the  exception of 2219-T87, which was 
0.100" t h i ck ,  and t h e  301-1/2 hard s t a i n l e s s .  The s tandard 4" x 9" MIL-A-5090D 
type panel was used f o r  the l a t t e r .  
room temperature and contact pressure.  

A l l  j o i n t s  were one-half overlap cured a t  

Table 37 and Figures 2 7 ,  28, 29 and 30 show the r e s u l t s  of t h i s  study. The 
6061-T6 a l l o y  was t he  most d i f f i c u l t  aluminum t o  bond, the RT and -320'F t e n n i l e  
shear  s t rengths  being lower than f o r  a l l  o the r  aluminum a l loys .  The 301 a l l o y  
w . 3 ~  t h e  most d i f f i c u l t  s t a i n l e s s  a l l o y  t o  bond, again the RT and -320'F t e n s i l e  
shea r  s t r eng ths  being lower than fo r  a l l  o the r  stainless a l l o y s .  

It was concluded t h a t  su r f ace  preparation s t u d i e s  would have to be made of  
each a l l o y  before complete conclusions could be drawn. Tee peel t e s t i n g  was 
eliminated from t h i s  study because of  the adherend thickness and individual  bend 
s t r e n g t h  va r i ab le s  a s soc ia t ed  with d i f f e r e n t  a l l o y s .  
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I i ADHESIVE D - AOIESIVE 1 - AOHBSIYE A 

R . T .  -120.F R.I. -ml  ' R.I. -120°F 
ALWYS cute CLT p s i  cYrc GLT p s i  cure CLT p s i  cure CLC p s l  Cure GLT pct  Cure CLT p s i  

TABLE 37 

1 ADHESIW E 

R.T. -320'r 
Cure C U  p61 Cuxr CL? pst  

EVALUATION OF THE DEVELOPED ADHESIVES A M I N S T  MISCELLANEOUS ADHERENDS 

8-16 - -  5090* 1 -- 1960 

? .MI 3*70 b .W> 1180 
,005 1720 .UUS 1>56 

1071 7 -- 5 2 l C  1 -- 5l9W 

4 .005 4P10 6 . O I l  708 6 .OU 71101 
.OU5 .722U .012 1052 . a l l  11901 

0.1W" 
2219-281 
Alunlnun .OOS 1b90 .UOS 1684 ,005 5210 .011 850 

A*&. 29lU AvS. 1421 I i.1. % Avs. 
,004 9 .no5 1066 OW 5150 .012 10lb 

0.062' '  
b0bl-T6 
A l u m h u m  

.OLD b950 

WX. 7062 
.OlO 6(100 

0.063" 
5456-H-)13 
Aluml- 

.DO5 1410 7 :aut 1 s .on1 8 ,004 456W 
uos 2120 ,005 1550 .OD9 908 
,008 2250 .:Ob 1140 .001 2320 ."?I 952 
,010 ,001 1,90 .008 e 010 984 
iii. ? l 5 )  1 **I. 1441 I AV8. 2482 &. 

0.063" 
2024-TI 
Clad A I w L n u a  

i ,011 4oor 
.OH 4b9W 
.011 5 Ion* 
.Oll 
A w .  4931 

8 .M2 1892 I 8 .001 2980 1 .uO4 1980 
,004 2110 
.uOS 1920 
.m4 I Avs. 1842 

004 2110 .OOb 2830 
:M4 2060 I ,004 2940 
. M J  ,001 
*vi. 1951 I A v i .  2112 

~~~ ~ ~~ 

7 .Mi I810 .W O  215U 6 .OUO 1lM 
,005 2350 .004 2210 I .006 IS10  
.OOf 22JU ,001 2310 .Wl 1998 
.mr, ,007 e .oOb 2 
1"s. 2105 I Awe. 2167 8 AVV.. i 6 i j  

7 i z  [ -9 ,005 518U 6 .UQ2 20Y) 
,004 1 & 2 M 1  .OOb 1920 

-0011 1610 . W B  3160 . O W  2160 

I ,005 1100 .Wi 2140 6 .OW 1410 
.W8 2626 ,008 2210 .OOS I186 
.WB 2630 1 lo ,008 2140 I ,004 1610 

A v i .  2417 AVB. 2318 Avg. 1499 
.WE ZJbO .OUb > z O  ,004  E 

4 

136 



a 
P) u 

! 

ln 1 UI -. a 1 r( 

301-- Hard .z 4 2 
U 
VI 

17-7 PH 

2024-T3 Clad  

5456-H-343 

c 

0 
I 

0 0 0 0 0 
0 

0 
0 

0 0 
0 

r( 

0 
0 0 0 

0 0 
h a O U l  4 O m  c\l 

Tsd ‘ g ~ % u a i ~ s  i e a q s  aITsual  

13 7 

v) c 
.rl 
4 
M 
rd 

4 

k2 
H 
r n  



u: N m 

u 
m 
Q 
a, u 

I rn 
m 
a, 

301-- Hard 2 1 
2 .rl 

m u 
vl 

2024-T3 Cla w7 
5456-H-343 

6061-T6 

2014-T6 

22 19 -T87 

7075-T6 

0 0  0 0 0 0 0 0 0 
0 0  0 0 0 0 0 0 
0 0  0 0 0 0 0 0 a, t- \D In .j m c\l 4 

J 

138 



I-, NO DATA 

1 I 

er 
(II 

a 
al 

I m 

NO DATA 1 17-7  PH 

2024-T3 Clad 

-‘ -4 5456-H-343 

E 
1 c 

20 

22 

.rl 
E 
3 
rl 
-4 4 - T 6  

7075-T6 

0 0 0 0 0 0 0 0 
0 0 0 0 0 0 

0 0 0 
0 

0 
0 

s1 co O r -  \o 51 3 Crl N 
0 

m 

W 
0 

al 
k 

m 
(I) 
5 
3 cu c 
m 
.-I 

E 
u 
m 
C 
.,-I 
(D 
M 
(D 

I .  

rn 

! 
w 
0 

C 
0 

.PI 
U 

4 
?-I 
m 
P w 

m 
N 



NO DATA 

I m 

17-7 PH 1 c NO DATA 

2024-T3 Clad *===si7 
5456-H-343 

*-. 
I 
9 
4 

1 I I I I I I 1 

0 0 0 0 0 
0 0 

0 
0 0 0 0 0 0 

0 
00 * I -  O 8 g  O \ O  9 m  3 N  O 2  

140 



In o r d e r  t o  supply a d d i t i o n a l  design information regarding the  developed 
adhesive systems, t e n s i l e  shear s t r e n g t h  da t a  were developed a t  RT and -320°F 
f o r  Adhesives A, B y  and C on s t a i n l e s s  (17-7 PH) and t i t an ium (AMs 4910). Table  
38 shows those da t a .  Unexpectedly, both Adhesive A and B y i e lded  lower adhesive 
s t r e n g t h  a t  -320'F than  a t  RT. 
7075-T6 bare  aluminum adherends. 

I n  gene ra l ,  bond s t r e n g t h s  were lower than with 

XXII. C ( I M P R E ~ : S I V E  EVALUATION OF THE DEVELOPED ADHESIVE SYSTEMS kr VERY 
LOW TEMPERATURE 

A. T e n s i l e  Shear 

T e n s i l e  shear s t r e n g t h  d a t a  were c o l l e c t e d  f o r  t he  s i x  developed adhesives  
(AdhesivesA, B ,  C y  D ,  E ,  and F) over  the temperature range from -423'F t o  +180"F. 
The d a t a  are shown i n  Table 39 and schematical ly  i n  Figure 31. The adherend 
chosen for  eva lua t ion  was 7075-T6 bare  aluminum a l l o y  w i t h  sodium dichromate 
s u l f u r i c  ac id  e t c h .  Specimens w e r e  bonded a t  room temperature and con tac t  p r e s s u r  
Tes t ing  w a s  per  MIL-A-5090D. 

A t  t h e  l i q u i d  hydrogen temperature,Adhesive C gave t h e  h ighes t  t e s t  values  
(8050 p s i )  and Adhesive A t h e  lowest values .  A t  room temperature,Adhesive A 
gave t h e  h ighes t  test values (3127 ps i )  and Adhesive E the lowest.  
t e n s i l e  s h e a r  s t r e n g t h  t es t  values  were below 1000 p s i .  
t o  approach zero a t  200'F. 

A t  160°F a l l  
A l l  s t r e n g t h s  tended 

B. Tee P e e l  

Tee peel s t r e n g t h  da t a  were c o l l e c t e d  f o r  t he  six developed adhesives (Adhesi 
A,  B, C ,  D ,  E ,  and F) over t h e  temperature range from -423°F t o  +180°F. The d a t a  
are shown i n  T a b l e  40 and schematical ly  i n  Figure 32. The adherend chosen f o r  
eva lua t ion  w a s  7075-T-6 bare  aluminum a l l o y  with a sodium dichromate s u l f u r i c  a c i d  
e t c h .  T e s t  specimens were bonded a t  room temperature and contact  pressure.  
Tes t ing  was conducted a t  a head s e p a r a t i o n  of 2"/min. 

A t  t h e  l i q u i d  hydrogen temperature,Adhcsive E gave t h e  h ighes t  t e s t  values 
(44.0 l b s / l " )  and Adhesive A gave t h e  lowest.  
gave the  h ighes t  t es t  values (30.0 l b s / l " ) .  
tended t o  approach ze ro .  

A t  room temperature,Adhesive D 
A t  200°F t h e  tee peel  s t r e n g t h s  a l l  

C .  Mechanical Shock Tests a t  -423'F 

It was f e l t  t h a t  t h e  mechanical shock tes t  a t  l i q u i d  hydrogen ,temperature 
had been pe r fec t ed  t o  t h e  po in t  where test condi t ions were reproducible  and where 
r e l i a b l e  shock data  on specimens could be c o l l e c t e d .  

To minimize t h e  number of specimens r equ i r ed ,  an a r b i t r a r y  test  procedure was 
e s t a b l i s h e d .  Five adhesives  were candldates  €or  t e s t i n g  namely Metf.bond 406 and 
Resin 3135/7111, and t h e  developed adhesives  A, 8, C, D, and E .  One 

llGO1l i f  t h e  specimens withstood 6 shocks and "NO GO" i f  they f a i l e d  t o  withstand 
I se t  of specimens of each adhesive was f i r s t  shocked 6 t i m e s  a t  lOOG level, r e p o r t i  
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I n  order  t o  supply a d d i t i o n a l  design information regarding the developed 
adhesive systems, t e n s i l e  shear  s t rength  da ta  were developed a t  RT and -320°F 
f o r  Adhesives A ,  B ,  and C on s t a i n l e s s  (17-7 PH) and t i tanium (AMs 4910). Table 
38 shows these da ta .  Unexpectedly, both Adhesive A and B yielded lower adhesive 
s t r e n g t h  a t  -320'F than a t  RT. 
7075-T6 bare  aluminum adherends. 

I n  general ,  bond s t rengths  were lower than with 

XXII. COMPREHENSIVE EVALUATION OF THE DEVELOPED ADHESIVE SYSTEMS AT VERY 
L(Iw TEMPERATURE 

A .  Tensi le  Shear 

Tens i le  shear  s t r e n g t h  data  were colLected f o r  the  s i x  developed adhesives 
(AdhesivesA, B ,  C ,  D ,  E ,  and F) over t h e  temperature range from -423'F t o  +180aF. 
The data  a r e  shown i n  Table 39 and schematically i n  Figure 31. The adherend 
chosen f o r  evaluat ion w a s  7075-T6 bare aluminum a l l o y  with sodium dichromate 
s u l f u r i c  a c i d  e tch .  
Test ing was per MIL-A-5090D. 

Specimens were bonded a t  room temperature and contact pressure.  

A t  the  l i q u i d  hydrogen temperature,Adhesive C gave the  highest  t es t  values 
(8050 p s i )  and Adhesive A t h e  lowest values .  
gave t h e  h ighes t  tes t  values (3127 ps i )  and Adhesive E the lowest. 
t e n s i l e  shear  s t r e n g t h  tes t  values were below 1000 p s i .  
t o  approach zero a t  200°F. 

At room temperature,Adhesive A 
A t  180°F a l l  

A l l  s t rengths  tended 

B .  Tee Peel 

Tee peel s t r e n g t h  da ta  were co l lec ted  €or the  s i x  developed adhesives (Adhesives 
A ,  B ,  C ,  D ,  E ,  and P) over the  temperature range from -423OF t o  +180°F. The da ta  
a r e  shown i n  Table 40 and schematically i n  Fi.gure 32. The adherend chosen for  
evaluat ion was 7075-T6 bare aluminum a l l o y  with a sodium dichromate s u l f u r i c  a c i d  
e tch .  T e s t  specimens w e r e  bonded a t  r o o m  temperature and contact  pressure.  
Tes t ing  was conducted a t  a head separa t ion  of 2"/min. 

A t  t h e  l i q u i d  hydrogen temperature,Adhesive E gave t h e  highest  t e s t  values 
(44.0 l b s / l t f )  and Adhesive A gave the  lowest. A t  room temperature,Adhesive D 
gave t h e  h ighes t  tes t  values (30.0 l b s / l I ' ) .  
tended t o  approach zero.  

C .  Mechanical Shock T e s t s  a t  -423°F 

A t  200°F the  t e e  peel s t rengths  a l l  

It was f e l t  t h a t  t h e  mechanical shock. t es t  a t  l i q u i d  hydrogen tempera ture  
had been perfected t o  t h e  point where tes t  conditions were reproducible and where 
r e l i a b l e  shock da te  on specimens could be co l lec ted .  

To minimize the  number of specimens required,  an a r b i t r a r y  test procedure was 
e s t a b l i s h e d .  Five adhesives were candidates for  t e s t i n g  namely Metlbond 406 and 
Res in  3135/7111, and t h e  developed adhesives A, 3, C, D ,  and E. One 
se t  of specimens of each adhesive was f i r s t  shocked 6 times a t  lOOG l e v e l ,  repor t ing  
"GO" i f  t h e  specimens withstood 6 shocks and 'IN0 GO" i f  they f a i l e d  t o  withstand 
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Adhe 6 i v  e 

TABLE 39 

TENSILE SHEAR STRENGTH EVALUATION OF DEVELOPED ADHESIVES 

ADHESIVE A 

ADHESIVE B 

ADHESIVE C 

ADHESIVE D 

ADHESIVE E 

ADHESIVE F 

Cure Time 
a t  B.T., 

days 

7 - 15 

8 - 16 

8 - 18 

7 

7 

15 min. 
a t  700°F 

- 4 2 3 O F  

2552 

5352 

805 0** 

6725* 

6525 

4966 

Tensi le  Shear Strength,  p s i  

-320'F -- 
2710 

5090* 

5005* 

5 198* 

5258* 

2775 

-67°F 

3782 

3827 

4662 

5085* 

4542 

2200. 

R.T. 

3127 

1972 

15 78 

1960 

1073 

1120 

- 4 2 5  OF 

15 15 

1328 

762 

85 2 

660 

94 1 

__l_i 

+180"F 

544 

_I_ 

738 

45 4 

353 

406 

80 1 

Specimens: .064" 7075-T6 Bare aluminum alloy breakaway panels  w i th  sodium 
dichromate s u l f u r i c  ac id  etch and bonded a t  room temperature and 
contact  p re s su re  (except where noted) wi th  1/2" overlap.  Tested 
per MIL-A-5090D. Average of four specimens. 

* F a i l u r e  i n  adherend gr ipping ho le s  
** Doublers used on gr ipping ends of specimens 
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Adhesive A - e 
Adhesive B - @ 
Adhesive C - 

Adhesive D - A 
Adhesive E - X 
Adhesive F - 1 

-4 
v) a 
c 
n 

Adherends: .064" 7075-T6 Bare Aluminum 
Surface Preparation: 
Cure: 
Testing : MIL-A- 5090D 

Sodium Dichromate Sulfuric Acid Etch 
Room Temperature a t  Contact Pressure 

Figure 31 .  Tensile shear strength evaluation of  developed adhesives, 
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A d h e s i v e  

ADHESIVE A 

ADHESIVE B 

ADHESIVE C 

ADJBSIVE D 

ADHESIVE E 

ADHESIVE F 

TABLE 40 

TEE PEEL STRENGTH EVAL'JATION OF 

Cure T h e  
a t  RT,days 

7-17  

8-18 

8-18 

7 - 2 5  

7-25 

15 minutes 
at: 700'F 

DEVELOPED ADHESIVES 

Tee P e e l  Strength, l b s / l "  

-423 OF 

3 .O 

6.3 

26.0 

26 .O 

44.0 

38.0 

-320 O F  

3 . 5  

9 . 0  

33 .O 

22.5 

46.0 

38.0 

-67 O F  

4.0 

7 . 5  

2 2 . 5  

9 . 5  

14 .O 

14.0 

R T .  

3.9 

3.6 

11.3 

30 .o 

20.0 

4.0 

- +125"F - 
9 . 0  

8 . 5  

9 . 0  

9 . 0  

1 3  .O 

2.5 - 

+180 OF 

2.0 

2 .o 

10.0 

9 . 5  

11 .o 

1.2 

- 

- 
Specimens - .020" 7075-T6 Bare aluminum 1" x 12" strips w i t h  sodium 

dichromate sulfuric a c i d  etch. 

f 
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Adhesive A - 0 
Adhesive B - 
Adhesive C - rn 

Adhesive D - A 
Adhesive E - 
Adhesive F - 4 

-400 -300 -200 -100 0 +loo +200 

T e s t  Temperature, O F  

Adherends: .0201' 7075-T6 Bare Aluminum 
Surface Preparation: 
Cure: 
Tzstiiig: 2I'/min Head Travel 

Sodium Dichromate Sulfuric Acid Et<.!, 
Room Temperature a t  Contact Pressure 

Figure 32.  Tee peel strength evaluation o f  developed adhes ives  . 
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6 shocks.  The same procedure was repea ted  a t  50G l e v e l .  It was a n t i c i p a t e d  
t h a t  t h e  adhes ives  could be subsequent ly  c l a s s i f i e d  acco rd ing  t o  t h e  G l e v e l  
they  were capab le  of w i ths t and ing .  See Tab le  41. 

A t  t h e  l O O G  l e v e l  onLy Adhesive B, C, and D were "GO."  A t  t h e  50C l e v e l  
Metlbond 406 and Adhesive A and C were "GO." It w a s  expected t h a t  Adhesive B 
would wi ths t and  t h e  l O O G  t e s t  and f a i l  t h e  50G t e s t .  The only  l o g i c a l  ex- 
p l a n a t i o n  t h a t  can  b e  o f f e r e d  is t h a t  t h e r e  tended t o  be r a t h e r  e r r a t i c  
s c a t t e r  i n  t h e  shock r e s i s t a n c e  of Adhesive B. T h i s  i g  based on t h e  f a c t  t h a t  
t e s t  c o n d i t i o n s  were p r e c i s e l y  as desc r ibed .  The on ly  s o l u t i o n  t o  t h i s  problem 
would be  t o  t e s t  a s u f f i c i e n t  number of specimens so t h a t  a s t a t i s t i c a l  a n a l y s i s  
could be  made and an average  shack r e s i s t a n c e  determined.  No f u r t h e r  t e s t i n g  
WaE conducted i n  t h i s  a r e a .  

D. Impact T e s t s  

To supplement t h e  shock d a t a  t h a t  were c o l l e c t e d ,  i t  was dec ided  t o  perform 
an  impact s t r e n g t h  t e s t  on t h e  e x i s t i n g  and newly developed adhes ives  f o r  
purposes of comparison and p o s s i b l e  c o r r e l a t i o n .  
employed were  i d e n t i c a l  w i t h  t h a t  s p e l l e d  o u t  i n  F e d e r a l  T e s t  Method Standard 
No. 175, Methods 1051 and 1051.1-T. 'The a l l o y  s e l e c t e d  was 7075-T6 b a r e  aluminum. 
T e s t i n g  w a s  done a t  RT and a t  -J20°F .  
soaked i n  l i q u i d  n i t roger .  and t r a n s f e r r e d  t o  t h e  test f i x t u r e  w i t h i n  10 seconds 
b e f o r e  dropping  t h e  pendulum hammer. The r i s e  i n  tempera ture  by t h i s  r a p i d  
t r a n s f e r  procedure  was determined t o  be no more than  20°F a t  t h e  t i m e  t h e  spec i -  
men w a s  f a i l e d .  

The t e s t  and specimen des ign  

For t h e  -320°F tes t ,  t h e  specimens were 

Tab le  42 and F igure  33 show t h e  impact s t r e n g t h  d a t a  t h a t  were c o l l e c t e d  
The newly developed Adhesive A and Adhesive C proved t o  be t h e  most impact 
r e s i s t a n t  a t  l i q u i d  n i t r o g e n  temperature .  
RT shock s t r e n g t h  wi th  the RT impaci s i ~ r u g t l ~ .  Considerable  scatter o r  s p r 2 . d  
i n  v a l u e s  w a s  observed in t h e s e  impact t e s t s ,  as i n  shock tests.  This  d i screpancy  
was b e l i e v e d  to be inherent in the  s p e c i m e n  design. 

It w a s  n o t  p o s s i b l e  t o  c o r r e l a t e  t h e  

E .  B u t t  T e n s i l e  S t r eng th  

a l l o y  acco rd ing  t o  F e d e r a l  T e s t  Method Standard  No, 175, Method 1011.1. Su r faces  
were prepcred  f o r  bonding wi th  t h e  s t anda rd  sodium dichromate s u l f u r i c  a c i d  e t c h  
and subsequent ly  bonded w i t h  Adhesives A, B- and C a t  ambient t empera tu re  and 
c o n t a c t  p r e s s u r e .  T e s t i n g  was performed ove r  t h e  tempera ture  range  from -423  t o  
+18OoP. The d a t a  a r e  r e p r e s e n t e d  i n  Table  43  and F i g u r e  35. S t r e s s  l e v e l s  a t  
low t empera tu re  were extremely i n t e r e s t i n g ,  caus ing  f a i l u r e  i n  some of t h e  
adherends .  S t r e s s  l e v e l s  tended t o  be  i n  the o rde r  of 1000 p s i  a t  +180"F. 

Bu t t  t e n s i l e  specimens shown i n  Figure  34 were prepa red  from 7075-73 aluminum 

F. Compression Loading of Adhesives 

t o  the p l ane  of che g l u e l i n e  of bonded assembl ies ,  tile specinLen shown i n  Table  44 
was des igned .  
b locks  bonded on t h e  1 - squd ie - i t ch  s i d e s  a f t e r  p repa r ing  tk.e s u r f a c e s  by sandi.ng. 
Adhesives  A, B, and C were used f o r  bonding a t  ambient tempera ture  and c o n t a c t  
p r e s s u r e .  

Although no s t anda rd  t e s t  e x i s t s  €o r  app ly ing  compression loads  pcrpendicul .ar  

The adherends c o n s i s t e d  of 1" x 1" x 3/8" 7075-T6 aluminum a l l o y  

14 7 
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TABLE 42 

IMPACT STRENGTH EVALUATION OF DEVELOPED ADHESIVES 

Adhesive 

i e s in  3135/?111 

3etlbond 406 

ADHESIVE A 

ADHESIVE B 

ADHESIVE C 

Cure Time 
at R. T., 

days 

3 

15 min. 
at 35OOP 

3 

3 

3 

Impact Strength, ft- lb6/in2 

-320'F 

1.48 
2.50 
2.86 
1.13 
1.32 

Av. 1.83 
- 

2.38 
3.29 
5.67 
2.08 
2.63 

A v .  3.21 
- 

8.4 
13.8 
5.5 

16.6 
14.0 

Av.  10.7 

0.94 
0.30 
0.36 
0.50 
0.52 

A v .  0.65 
- 

15.20 
5.06 

16.40 
14.40 
14.70 

Av. 13.15 
- 

R.T. 

14.4 
16.6 
25.2 

Av. 19.0 
- 

11.23 
9 . 1  

13.37 
7.93 
8 . 7  

A v .  10.06 
- 
13.3 
13.8 
14.9 
14.5 
15.6 

A v .  14.4 
- 

_ _ _  - 

1.60 
2.96 
2.50 
3.66 
2.28 

Av. 2.60 
- 

14.50 
8.80 

LO. 95 
13.90 

'14.70 
A v .  12.57 

(Continued on next page) 
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TABLE 42 (Continued) 

Cure Time 
a t  R.T . ,  

Impact Strength, f t -  Ibs/ in2 
_L 

days -320'F R. T .  

6 0.62 2.7 
0.53 2.7 
1.30 2.85 
1.47 3.33 
1.58 3 . 8  - - 

Av. 1.10 Av.  3.07 

13.6 2.8 

2.7 15.1. 
13.7 3.08 

2.8 15.1 

5 
13.0 3.7 

- - 
Av. 14.1 Av. 3.07 

Adhesive 

ADHESIVE D 

ADHESIVE E 

. 

3 

Specimen and Test: 

Surface Preparation: Sanding 

Cure: 

Fed. Test Method S t d .  N o .  175, Method 1051 

Room Temperature and contact pressure 
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Adherends: 7075-T6 Bare Aluminum 
Surface Preparation: Sanding 
Cure: Room Temperature at Contact Pressure 
Specimen & Test : Fed. Test Method Std; No. 175, 

Pendulum Veiocity: 11.0 ft/sec 
Methods 1051 & 1051.1-T 

(Average of 5 specimens) 
20.0 

15.0 
cv 
E 
\ 
v) 

.- 
s 
4 i  
s- 
GJ 10.0 
2 z 
E - 5.0 

E 

.c, 
0 
cp a 

0 
-400 -300 -200 - 100 0 +loo 

Test Temperature, "F 

Figure 33 .  Impact s trength evaluat ion of 
newly developed adhes ives .  

Q 
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F i g u r e  34.  B u t t  t e n s i l e  s t r e n g t h  specimen 
design p e r  Federa? T e s t  i-iethod 
Standard  No. 175, Method 1011.1. 
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TABLE 43 

Ad he s fv e 
I 

ADHESIVE A 

BUTT TENSILE STRENGTH EVALUATION OF DEVELOPED ADHESIVES 

Cure Time I 
a t  R.T. 

days -423'F 

8 -  9 5 700 

8 - 1.6 9200* 

7 - 15 7600* 

9 - 10 6800* 

3 - 7  6200 

R.T.  

3200 

1900 

1860 

19 10 

7 95 

Butt Tensile Strength, p s i  I 
c125'F +180"F 

1250 774 

1655 1000 

1000 6 10 

820 749 

5 a5 470 

-320°F -67°F 

5470 

6 100 

6240* 

7 700* 

5 930 

3930 

, 3180 

5 800 

6360 

4150 

Specimen and Test: Fed. Test Method Std. No. 175, Method 1011.1 

Surface Preparation: Sodium di.chromate sulfuric acid etch. 

Cure: Room Temperature andcontact pressure. 
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Adherends: 7075-T6 Bare Aluminum 
Surface Preparation: Sodium Dichromate 

Cure: Room Temperature at Contact Pressure 
Specimen & Test: Fed. Test Method Std. No. 175, 

9200 I I I I I I I 

Sulfuric Acid Etch 

Method 1011.1 
* (Single Specimens) 

c 

7000 

.I 6Ooo 

r- 
5 
$ 5000 
i5 

c 

Y, 
p. 

L 

Q) - .I 
4000 

* .c. 
=I 

3000 

2000 

1000 

C 

Test Temperature, "F 

"Failure in Adherends 

Figure 35 .  Butt t e n s i l e  strength evaluation 
of newly developed adhesives.  

3 
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TABLE 44 

System 

ADHEGIVE A 

ADHESNE B 

11 

1 1  

EFFECT OF COMPRESSION LOADS PERPE,NDICULAR TO 
A D l S I V E  GLUELINES AT AMBIENT AND VERY LOW TEMPr-TURE 

COMPRESSION LOADING 
(Dimensions of Specimens in inches) 

Test After After 
Condition Before 'Loading 20,000 lbs 40,000 1bs After 60,000 113s h a d  

A B C Load Load . A B C 
RT LOO1 0.999 0.740 NoChange No Change 1.002 1.001 0.741 

-320°F 1.003 0.997 0,743 1.003 0.998 0,743 
1.0015 0.997 0.7435 
1.006 0.9917 0.142 

R T  1.001 0.996 0.144 
-320°F 1.904 0.9865 0.7435 

I ll 

I t  I 1  

I 1  I 1  

(1" x 1" x 3/8" 7@75-T6 Bare Aluminum Alloy with Sodium 
Dichromate Sulfuric Acid Etch Bonded 8 Days at Ambient 
Temperature at Contact Pressure) 

LOAD 

MHESIVE C R T  

4 

1.001 0.995 0.141 1.002 0.9985 0.7405 
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Each specimen w a s  measured c a r e f u l l y  i n  i t s  th ree  major planes p r i o r  t o  
A compression load of 20,000 pounds was app l i ed  over the l-square- 

The specimen was then removed and i t s  dimensions again 
t e s t i n g .  
inch su r face  area. 
measured. This was repeated a f t e r  40,000 and 60,000 pounds compression 
loading. 
experienced, nor were t h e r e  any dimensional changes noted i n  the  th ree  major 
planes of t he  specimens f o r  a l l  three adhesives .  
was no compression s e n s i t i v i t y  i n  the adhesives a t  t h e  temperatures t e s t e d .  
The da ta  a r e  a l s o  shown i n  Table 44. 

Tes t ing  w a s  performed a t  RT and a l s o  a t  -320OF. No bond . h i l u r e  was 

It w a s  concluded t h a t  t h e r e  

G. Cure T i m e  Dependence 

It was des i r ed  t o  know how the cure t i m e  a t  ambient temperature and contact  
pressure a f f e c t e d  s t r e n g t h s  of t h e  developed adhesives .  
a t  -320'P and RT was chosen a s  the. c r i t e r i a .  
panels of .064" 7075-T6 ba re  aluminum a l l o y  with a sodium dichromate s u l f u r i c  
a c i d  e t c h  were bonded snd then t e s t e d  a f t e r  22 hours ,  2 days,  3 days,  and 4 days a t  
ambient temperature cure .  

Tens i l e  shear  s t r e n g t h  
Standard h d f - i n c h  o-?erlsp hreakaway 

Table 45 and Figures  36, 37 and 38 show the r e s u l t s  of t h i s  s tudy.  Adhesive A 
produced an optimum low temperature s t r e n g t h  a f t e r  22 hours cure; the ambient temper- 
a t u r e  s t r e n g t h  was no t  optimized u n t i l  3-days cure a t  RT. Adhesive B produced 
optimum ambient temperature s t r e n g t h  a f t e r  22 hours; t he  low temperature s t r e n g t h  
w a s  equ iva len t  t o  the  ambient temperature s t r e n g t h  a f t e r  22 hours,  but: reached 
an optimum a f t e r  3-days cure t i m e .  
developed adhesives;  t he  optimum ambient and low temperature s t r e n g t h  was a t t a i n e d  
af ter  3-days cure t ime. Adhesive D produced optimum s t r e n g t h  i n  2-days cure 
t i m e  a t  RT. Adhesive E w a s  comparable t o  Adhesive C .  O f  t hese  adhesives ,  Adhe- 
sive B exh ib i t ed  t h e  b e s t  belance between low and ambient temperature s t r e n g t h  
a f t e r  22-hours cure .  

Adhesive C was t h e  slower cu r ing  of t h e  

H .  E f f e c t  of Temperature Cycling on Adhesive S t r eng th  

It w a s  des i r ed  t o  know what a f f e c t  cyc l ing  between l i q u i d  ni t rogen and ambient 

Standard ha l f - inch  ove r l ap  break- 
temperature would have on t h e  s t r e n g t h  of Adhesive A,  B,  and C bonds. Tens i l e  
shear s t r e n g t h  a t  RT. w a s  chosen as t h e  c r i t e r i a .  
away panels  of ,064" 7075-T6 bare  aluminum a l l o y  w i t h  a sodium dichromate s u l f u r i c  
a c i d  e t c h  were bonded with each of t h e  t h r e e  adhesives by curing 8 days a t  ambient 
temperature and con tac t  pressure.  Subsequently,the bonds were cycled 20 t i m e s  
between -320'F and RT and then t e s t e d  f o r  RT t e n s i l e  shea r  s t r e n g t h .  Table  46 
shows t h e  r e s u l t s  of t h i s  s tudy.  No loss i n  s t r e n g t h  w a s  noted f o r  any of  t he  
adhesives a f t e r  temperature cycl ing.  

I .  E f f e c t  of  Postcure on RT-Cured Adhesives 

It was a l s o  des i r ed  t o  know what a f f e c t  an e l eva ted  temperature postcure would 
keve on t h e  s t r e n g t h  and toughness of Adhesive A ,  B ,  and C bonds a f t e r  an ambient 
temperature cure  a t  contact  p re s su re .  
7075-T6 bare  a:luminum a l l o y  and tee peel specimens of .020" 7075-T6 bare  aluminum 
a l l o y ,  with a sodium di.chromate s u l f u r i c  a c i d  e t c h ,  were prepared with each adhesive.  I 
Control specimens were cured 8 days a t  ambient temperature p r i o r  t o  t e s t i n g  a t  -320'F 

Half-inch ove r l ap  breakaway panels of  .064" 
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TABLE 45 

Cure Time 

d a y  ti 
Adhesive at  R . T . ,  

c 

Tensi le  Shear Strength, p s i  

-320°F R.T. 

I ADHESIVE A I 22 Hours 1281 I 3732 ADHESIVE A 22 Hours 
2 Days 
3 I . 4 

1281 3732 
2042 I 3670 

3800 I 37 20 
2347 
2357 

I 
~~ 

ADHESIVE B I 5 Hours 
8 

ADHESIVE C 

ADHESIVE D 

ADHESIVE E 

1088 568 I 
16 2920 1770 
22 2816 2665 
2 Days 3375* 2520 
3 4900* 2557 
4 3990 25 70 

22 Hours 16 14 306 
2 D a y s  4072 1416 
3 483 7* 1690 
4 5 26 2* 15 16 

1 2485 1899 
2 5150* 2 100 
3 4865* 2 102 
4 5 125* 1663 

1 4250 496 
5065* 8 12 

2 84 
876 

1 :  5280* 95 4 
5265* 1048 

* Failv 2 i n  adherend gripping holes .  

15 7 



3 

6000 

5000 

0- I 

4000 b 
ed at RT 

320°F 

1000 

0 

Days Curing Time at 75°F and Contact Pressure 

(.064” 7075-T6 Bare Aluminum Alloy with 
142’’ Overlap, Sodium Dichromate Sulfuric 
Acid Etch) 

Figure 3 6 .  Ambient cure time dependence of Adhesive A 
on RT and -320’F tensile shear strength. 
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( .064" 7075-T6 Bare Aluminum Alloy Breakaway Panels 
w i t h  1/2" Overlap and Sodiut. Dichromate Sulfuric 
Acid Etch) 

F a i l u r e  it:  Adherend Grip Holes 

6000 

5000 

1000 

0 
0 1 2 3 4 

Days Curing Time a t  75°F and Contact Pressure 

Figure 3 7 .  Ambient cure time dependelice of Adhesive B 
on RT and -320°F t e n s i l e  s h e a r  s t r e n g t h .  
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6000 

Tested at - 2  

5000 

/ 
/ 

0" F * 

Days CuringTime at 75°F and Contact Pressure 

(.064" 7075T6 Bare Aluminum Alloy with 
lh'' Overlap, Sodium Dichromate Sulfuric 
Acid Etch) Y 

*Failure in adherend grip holes 

Figu i - e  38. Ambient c u r e  t i m e  dependence 01 Adhes ive  C 
on RT and -320'F tensile shear s t r e n g t h .  

RT 
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TABLE 46 

Cureat 
RT System 

EFFECT OF TIMPERATURE CYCLLNG ON THE 
BOND STRENGTHS OF LOW TEMPERATURE ADHESIVES 

CONTROL CYCLED 20 TIMES 
(No Cycling) from Ambient to -320OF 

( e  C W '  7075-T6 Bare Aluminum Alloy 
with 1/2" Overlap, Sodium Dichromate 
Sulfuric Acid Etch) 

ADHESIVE A 
ADHESIVE B 
ADHESIVE C 

~ I- ~ RT Tensile Shear Strength, psi* I 

a Days 3397 3317 

2395 2197 

1805 1867 

1- 

I f  

Adherends: .064" 7075-T6 bwe aluminum alLoy breakaway 

Surf ace Preparation: Sodium dichromate sulfuric acid etch 
Testing: Per MIL-A-SOYOD. Average of 4 specimens 

panels with 1/P overlap 

16 1 



I 

and RT. The remaining specimens were cured 2 days a t  ambient temperature, followed 
by a postcure of 1 hour a t  200°F p r i o r  t o  t e s t i n g  a t  t h e  same condi t ions.  

Table 47 shows the r e s u l t s  o f  t h i s  s tudy.  Postcure tended t o  s i g n i f i c a n t l y  
upgrade the -320'F and RT t e n s i l e  shea r  s t r e n g t h  of Adhesives A and B; s h e a r  
s t r e n g t h  of Adhesive C was not no t i ceab ly  a f f e c t e d .  Postcure no t i ceab ly  improved 
the -320'F tee peel  s t r e n g t h  f o r  all. adhesives;  t h e  RT s t r e n g t h  was not  appreciably 
changed. 

J .  E f f e c t  of Gluel ine Thickc=ss on Epoxy-Polyamide Adhesive S t r eng th  

The e f f e c t  of g l u e l i n e  thickness  on adhesive s t r e n g t h  i s  known t o  be c r i t i c a l .  
Because an epoxy-polyamide adhesive was c ~ m m  t o  Adhesivee A and F s  e study was 
made of t h e  Resin 3135 and Curing Agent 7111 system. Standard ha l f - inch  ove r l ap  
bonds using .064" 7075-T6 bare aluminum a l l o y  with sodium dichromate s u l f u r i c  a c i d  
e t c h  were prepared, u t i l i z i n g  va r ious  diameter shim wires t o  a t t a i n  g l u e l i n e  th i ck -  
ness ranging from 4 t o  1 2  m 2 l s .  Bonds were cured 10 days a t  ambient temperature 
and r o n t a c t  p re s su re  p r i o r  t o  t e s t i n g  i n  t e n s i l e  shear a t  -320°F and RT. 

Figure 39 shows t h e  Zesul ts  of  this study.  It was observed t h a t  t h e r e  was a 
gradual reduct ion i n  -320 F and RT shea r  s t r e n g t h  as t h e  g l u e l i n e  thicknees in-  
creased from 4 to 12 m i l s .  

K. E f f e c t  of Mismagch on Epoxy-Polyamide Adhesive S t r eng th  

I n  many bonding operat ions it is not  always poss ib l e  t o  be assured of p e r f e c t l y  
planedsurfaces o r  p e r f e c t l y  a l igned  su r faces  f o r  bonding. A s tudy  of  mismatch was 
accordingly ind ica t ed .  Again, an epoxy-polyamide adhesive was chosen f o r  s tudy 
because t h i s  system is  comrnon t o  both Adhesives A and B. Figure 40 shows the speci- 
I I W ~  design.  
with sodium dichromate s u l f u r i c  a c i d  e t c h  were bonded toge the r .  Shims ranging 
i n  th i ckness  from approximately 4 t o  55 mils were used under one-half  of  t h e  bonded 
a r e a ,  and the o t h e r  half of the bonded a r e a  w-is accomplished by drawing the  .064" 
adherends t i g h t l y  toge the r .  The shim caused a mismatch depending on i ts  thickness .  
Immediately ad jacen t  t o  the shim t h e  adherends were machined €or  a h a l f - i n c h  over- 
l a p  s h e a r  specimen. Gluel.ine th i cknesses  i n  the  mismatch ranged from 4 t o  55 m i l s  
(approximately) a 

days at a b i e n t  temper,a.tusa m d  contact  pres su re  

Twu .064" x 1" x approx. 8 3/4" s t r i p s  of 7075-T6 bare  aluminum a l l o y  

RT temi1.e  shasr  strength was determined f o r  specimens cured. 8 

As shorn in E i f p r c !  40, the RT s h e a r  s t r e n g t h  tended t o  inc rease  from a mismatch 
of 4 m i l s  (3000 p s i )  t o  an optimum a t  16 m i l s  (4000 p s i ) ,  then r a p i d l y  f e l l  o f f  
t o  a constant  l e v e l  (2000 pi) from about 33 t o  55 m i l s  mismatch. .Although it 
was no t  expected t h a t  a mismatch o f  L6 m i l s  would y i e l d  such a high stress l e v e l ,  
i t  was apparent t h a t  a minimum strees Level of 2000 p s i  could be expected up t o  
almost 60 mile mismatch. 

,. . 
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TABLE 47 

- 
Teneile Shear 
Strength, p s i  

RT - -320°F 

3555 2400 
3920 3172 

2295 2955 
2705 4402 

1635 5060* 
1611 4870* 

EFFECT OF 200°F POSTCURE 
ON THE STRENGTH OF THE DEVELOPED ADtiESIVES 

Tee Peel Strength, ' 
lbs/l" 

RT -320'F 

3. 5 3.5 
4.0 4.0 

4.0 12.0 
2.0 25.0 

18.0 55. o* 
19.0 70.0* 

- 

Cure at 
RT Adhesive 

1 I - -- 
I I 

Postcure 

Adhesive A 8 Days None I 2 Days 11 Hr. @ 200°F 

Adhesive B 

Adhesive C 

8 Days None 
2 Days 

8 Days None 
2 Days 

1 Hr. @I 200°F 

1 Hr. @ 200°F 

* Failure in Adherends. 

Adherends: Tee Peel - . 020tt 7075-T6 bare aluminum alloy 1" x 12" 
specimens bonded with total overlap 

Tensile Shear - .064" 7075-T6 bare aluminum alloy 
breakaway panels bonded with l /P overlap 

Stirlace ?reparation: Sodii.m Diehrorxate SuEaic Acid Etch 
Testing: Tee Peel 2"/min head t ravel  

Tensile Shear p e r  MIL-A-5090D 
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lhff Overlap, Sodium Dichromate Sulfuric 
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Figure 39. Typical  e f f e c t  of g l u e l i n e  th ickness  
on the s t r e n g t h s  of  an epoxy polyamide* 
adhes ive  system. 

- * Resin 3135 and Curing Agent 7111. 
Cured 10 days a t  ambient temperature. 
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Glueline Thickness at Mismatch, mils 

Machine for 
0.500 t.005” 

-e 
Gripping Holes 

Thickness Zero- 

Glueline Thickness 

F i g u r e  40. T y p i c a l  e f f e c t  of mismatch on t h e  RT s t r e n g t h  
of a n  epoxy polyamide* a d h e s i v e  system. 

*Resin 3135 and Cur ing  Agent  7111 ,  
Cured 8 days a t  ambien t  t e m p e r a t u r e .  
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L .  V i b r a t i o n  

The o r i g i n a l  terms of  t h i s  work r e q u i r e d  e v a l u a t i n g  adhes ives  a t  t h e  l i q u i d  
hydrogen tempera ture  i n  v i b r a t i o n ,  wherein t h e  frequency,  G loadings ,  and d i s -  
placements were t o  be  v a r i e d .  

The specimen s e l e c t e d  was a h a l f - i n c h  ove r l ap  bonded t e n s i l e  des ign ,  machined 
from 1" x 3/8" 7075-T6 b a r e  aluminum bar  s t o c k .  
necked-down t o  0.500". I t  was intended that t h e  specimen would be loaded  a s  
r e q u i r e d  i n  t ens ion ,  and t h a t  v i b r a t i o n  would be e f f e c t e d  by mechanical a t t a c h -  
ment t o  t h e  bonded a r e a .  

Width of  t h e  ove r l ap  a rea  was 

NASA agreed t o  perform t h e  a c t u a l  t es t s .  F o r t y  bonded specimens each of 
Adhesives A, B ,  and C were submi t ted  € o r  t e s t i n g .  A f t e r  a g r e a t  dea l  of e f f o r t  
had been a p p l i e d  t o  t h e  t es t ,  i t  was finally concluded t h a t  t h e  d a t a  collected 
were n o t  c o n s i s t e n t  and cgnc lus ive .  F u r t h e r  v i b r a t i o n  t e s t i n g  was abandoned. 
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MATERIALS IDENTIFICATION 

Aclar -- Allied Chemical Corp., General Chemical Division 
Aclar 22C -- Al l i ed  Chemical Corp., General Chemical Division 
Adhesive A -- Narmco Research & Development, a Division af  Telecomputing Corporation 
Adhesive B -- Narmco Research & Development, a Division of  Telecomputing corporat ion 
Adhesive C -- Narmco Research & Development , a Division of Teleconputing Corporaticn 
Adhesive D -- Narmco Research 6 Development, a Division of Telecomputing Coiporation 
Adhesive E -- Narmco Research & Development, a Division of Telecomputing Corporatian 
Adiprene C -- E .  I .  duPont deNemours h Company Inc.  
Adiprene L-100 -- E .  I. duPont deNemours & Company Inc.  
Adiprene LD-167 -- E .  I .  duPont deNemours & Company Inc.  
Adiprene LD-213 -- E .  I. du3ont deNernours & Company Inc.  
AF-40 . - -  Minnesota Mining & Manufacturing Co. 
AF-41 -- Minnesota Mining & Manufacturing CO. 
Alodine treatment -- Anadite Snc., 10630 Sess l e r  St., South Gate, C a l i f .  
Anodize treatment -- Anadite I n c . ,  1.0630 Sessler  St., South Gare, C a l i f .  
XPCO-1261 -- Applied P l a s t i c s  Division, Hexcel Products Company 
BCI-819 -- Relding C o r t i c e l l i  Indus t r i e s ,  Inc. 
BCI-1107 (nylon type 11.) -- Belding C o r t i c e l l i  Indus t r i e s ,  Inc. 
BCI-3218 (alkylated nylon, type 8) Belding C o r t i c e l l i  Induetri 'es, Inc.  
Bondaid -- W .  S .  Shamban & Campang 
BRL-2741 -.- Bakel i te  
CSC C3801 -- Chem Seal Corporation of America 
Curing Agent D -- Shel l  Chemical Company 
Curing Agent U -- Shel l  Chemical Company 
Curing Agent 7 1 1 1  -- Narmco Mater ia ls  Division, Tel.ecomputing Corporation 
Curing Agent 7125 -- Namco Mater ia ls  Division, Telecomputing Corporation 
Curicg Agent 7133 -- Nezlrco 'Materials Division, Telecomputing Corporation 
Curing Agent 7139 -- Nannco Mater ia ls  g iv i s ion ,  Telecomputing Corporation 
D B V I I I  -- Argus Chemical 
DC A-4014 -- Dow Corning Corporation 
DC RTV 11 -- Daw Corning Corporation 
DC 4-2-0103-2 -- Dow Corning Corporation 
Delr in  -- DuPor.t 
DEN-438 -- Dow Chemical Company 
DER-331 -.- Dow Chemical Company 
DER-332 -- Dow Chemical Company 
DMF (dimethylfonnamide) -- DuPont 
DSA (dodeceny 1s uccin i c  anhydride) 
Bastman 910 -- Eastman Kodak Company 
EC-l333B/A -- Minneeota Mining & Manufacturing Go. 
Elvanol -- CuPcnt 
Empol 1014 -- Emery Indus t r i e s  
Empol 1024 -- Emery Indus t r i e s  
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MATERIALS IDENTIFICATION (Con t i n  ued) 

Epi-Cure 855 -- Jones-Dabney 
Epi-Rez 510 -- Jones -Dabney 
Epi-Bez 5042 -- Jones -Dabney 
Epi-Rez 5132 -- Jones-Dabney 
Epi-Rez 5163 -- Jones-Dabnep 
Epon 812 -- She l l  Chemical Company 
Epon 828 -- She l l  Chemical Company 
ERL, 0625 -- Union Carbide P l a s t i c s  Co. 
Estane 5740x1 -- B .  F. Goodrich Chemical Co. 
Estane 5740x2 -- B.  F. Goodrich Chemical Co. 
FM-63 nylon -- Plastex Process Co.,  Maywood, N. J .  
FM-1000 -- Bloomingdale Rubber Co. 
GE RTV-40 -- General E l e c t r i c  Co. 
GE RTV-60 - -  GeneraL E l e c t r i c  Co. 
GE XS-4004 -- General E l e c t r i c  Co. 
Genamid 2000 & 250 -- General M i l l s  Chemical 
Hetron 32A -- Durez P l a s t i c s  Div., Hooker Chemical Corp. 
Hetron 92 -- Durez P l a s t i c s  Div., Hooker Chemical Corp. 
HG-32 Glass Skrim Cloth -- Hess Goldsmith 
HHPA (hexahydrophthalic anhydride) 
HMDI (hexamethylene diisocyanate) 
Hypalon 40 -- DuPont 
Kel-F -- R. S .  Hughes Co., Inc . ,  4515 Alger S t .  Los Angeles 39, Cal i f .  
Kel-F f i lm,  e tches  -- W .  S .  Shamban & Company 
Kel-81 & 82 -- Minr.esote Mining & Manufacturing Co. 
Kynar -- Peniisalt Chemicals 
Lancast A -- Ciba Company 
Lexan -- General E l e c t r i c  
LHT-240 -- Union Carbide Chemicals Company 
LM-52 -- Union Carbide Chemicals Company 
Luc i t e  204-X -0  DuPont 
MD-551 -- Enjay Company, Inc.  
MDA (methylene d i an i l i ne )  -- Matheson Coleman & B e l l  
Metlbond 406 -- Narmco Materials Division, Telecomputing Corporation 
Metlbond 408 -- Narmco Materials Division, Telecomputing Corporation 
Metlbond k09 -- Narmco Mater ia ls  Division, Telecomputing Corporation 
MNA (methyl nadic anhydride) 
Moca -- E .  I. duPont deNemours & Company 
Mondur CB75 -- Mobay Chemical Company 
Multrani l  176 -- Mobay Chemical Company 
Multron R12 -- Mobay Chemical Company 
Mylar -- DuPont 
Nylon Marquisette - -  Burlington I n d u s t r i a l  Fabrics Company 
Nylon 7 -- Union Carbide Chemicais Company 
Ny-Sul-Loft 1370 -.- Burlington I n d u s t r i a l  Fabrics Company 
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MATERIALS IDENTIFICATION (Continued) 

Parlon 300 -- Hercules Powder Company 
Pentamide 1 -- Heyden Newport Chemical 
Pentamide 2 -- Heyden Newport Chemical 
Phosphorane -- American Potash & Chemical Gorporation 
Plaskon 8200P (nylon type 6) -- Allied Chemical Corporation 
Polyetherdiamine L-2000 -- Union Carbide Chemical Compafiy 
PRDR (8060NT, phenoxy-8) -- Union Carbide Chemical Company 
Prebond 700 -- Bloomingdale Rubber Company 
Pyrostop E-100 -- Richardson Company 
RGI P8037 -- Reichhoid Chemical Corporation 
Resin 3135 - -  Narmco Mater ia ls  Division, Telecomputing Corporation 
Resin 3135/7111 -- Narmco Materials Division, Teleccmputing Corporation 
Resin 3147 -- Narmco Mater ia ls  Division, Telecomputing Corporation 
Resin 3170 -- Narmco Mater ia ls  Division, Telecomputing Corporation 
Resin 7343 -- Narmco Mater ia ls  Division, Telecomputhg Corporation 
Resin X-310 -- Narmco Mater ia ls  Division, Telecomputing Corporation 
Santocel C -- Monsanto Chemical Company 
Saran 723 -- Dow Chemical Company 
Shel l  Curing Agent U -- S h e l l  Chemical Company 
S i l a o t i c  140, 731 & Q-9-0002A/BY 1200 Primer -- Dow Chemical Company 
Syn t ex 33 98 - - Jones -Dabney 
T-1  Curing Agent -- She l l  Chemical Company 
Tedlar -- DuPont 
Teflon 7 -- E .  I. duPont deNemours & Company Inc .  
Teflon FEP -- E .  I. duPont deNemours ti Company Inc.  
Teflon YEP f i l m ,  etches -- W .  S .  Shamban & Company 
Teflon FEP Type A -- E .  I .  duPont deNemours & Company 
Teflon FEF Type 544 -- E .  I. dupont deNemoms & Company 
Teflon TFE -- R. S .  Hughes Co. Inc. 4515 Alger S t .  Los Angeles 39, C a l i f .  
Teflon TFE powder, etches -- W. S. Shamban & Company 
Thiokol FA -- T h i o k n l  Chemical Corporation 
Thiokol LP 3 -- Thiokol Chemical Corporation 
TP-440 poly01 -- Wyandotte 

UR80T -- Seiberl ing Rubber Company 
Versamid 115 -- General M i l l s  
Versamid 125 -- General M i l l s  
Versamid 140 -- General Mills 
Vibrin 136 A -- U. S .  Rubber 
Viton A-HV -- DuPont 
Wabril 1514-M -- Kendal M i l l s  
X-295 t o  X-304 -- Narmco Research & Development, a Division of Telecomputing Corp. 
Zytel  31 (nylon type 6 ,  10) -- DuPont 
Zytel  61 -- DuPont 
25P6/A1100 Pr ime -- Nannco Research & Development, a Division of Telecomputing Corp. 

. TP-740 -- Wyandotte 

c 
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XXIII . COMPLETE SPECIFICATIONS FOR THE DEVELOPED ADHESIVES 

A. ADHESIVE A. Bpecif i c a t i o n s  and Qua l i f i ca t ion  

1. 

2. 

3 .  

Uses: 
7 

For bonding c l i p s ,  brackets ,  e t c . ,  t o  skin po r t ions  of f u e l  and ox id ize r  
con ta ine r s  and o t h e r  r e l a t e d  components f o r  launch veh ic l e s .  The 
adhesive is r e a d i l y  adaptable  t o  f i e l d  use by t echn ic i ans  having l i t t l e  
o r  no experience i n  p l a s t i c s  technology. Surface preparat ions can be 
simple, bonding and curing can be accomplished under ambient cond i t ions  
a t  con tac t  pressures  and t h e  r e s u l t a n t  bonded assemblies a r e  a p p l i c a b l e  
when submerged i n  c r p g e n s  such as l i q u i d  n i t rogen  and ' l i qu id  hydrogen. 

Note: This adhesive should not be used where it w i l l  3e d i r e c t l y  
exposed t o  l i q u i d  oxygen. 

Descr ipt ion:  

Adhesive A, a l s o  designated as Narmco Resin 3170 and Curing Agent 7133, 
is  a two-part system cons i s t ing  of a ny lon- f i l l ed  epoxy r e s i n  and a 
n y l o n - f i l l e d  poiyamlde curing agent ,  r e spec t ive ly .  

Surface Preparat ions:  

Chemical etchpq are t c  be p re fe r r ed  over a l l  mechanical methods. A 
chemical e t c h  can be prepared :or f i e l d  a p p l i c a t i o n .  Mechanical methods 
such as so lven t  degreasing, sanding, and sandb las t ing  should only be 
used as a last  r e s o r t .  Surfaces should be bonded as soon a f t e r  c leaning 
as poss ib l e .  

a. Chemical Etch f o r  Aluminum Alloys 

Sodium Dichromate 30 Parts 
D i s t i l l e d  Water 170 I' 

Concentrated Su Lf ur  i c  A c i d  50 'I 

Degrease all su r faces  with a c lean  c l o t h  s a t u r a t e d  w i t h  methyl e t h y l  
kecone. Immerse 5-10 minutes i n  the  above s o l u t i o n  maintained a t  
150-160°F. 
d ry  a t  150'F. 

Rinse with t a p  water and then wi th  d i s t i l l e d  w a t e r . .  Oven 

b. F i e l d  Chemical Etch for Aluminum 

Sodium Dichromate 30 P a r t s  
D i s t i l l e d  Water 50 
Concentrated S u l f u r i c  Acid 50 'I 

S i l i c a  G e l  (Santoce? C) 10 " 
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Degrease a l l  s u r f a c e s  with a clean c l o t h  sa tu ra t ed  with methyl e t h y l  
ketone. Pa in t  t he  Pas t e  #l on a l l  surfaces  t o  be bocded. and allow 
t o  remain 40 m i w t e s .  Wash down with a stream of running water t o  
remove all t r a c e s  of etchant. Air dry. Paint  the Paste #2 on a l l  
su r f aces  t o  be bonded and al low t o  remain 40 minutes. 
and drying procedures.  

Repeat r i n s i n g  

Degrease a l l  su r faces  with a c l ean  c l o t h  sa tu ra t ed  with methyl e t h y l  
ketone. 
and al low t o  remain 50 minutes. 
t a p  water t o  remove a l l  t r a c e s  of e tchant .  A i r  dry. 

P a i n t  t h e  heavy paste etchant  on a l l  surfaces  t o  be bonded 
Wash down with a stream of running 

c. Chemical Etch f o r  S t a i n l e s s  Alloys 

So lu t ion  #l Solut ion #2 

H y d r x h l o r i c  Acid (35%) 100 P a r t s  S u l f u r i c  Acid (98%) 100 Parts  

Formalin (40%) 20 I' D i s  t i 1 1 ed Water 30 
D i s t i l l e d  Water 90 

Hydrogen Peroxide (30%) 4 " Sodium Dichromate 10 

Degrease a l l  su r faces  with a c l ean  c l o t h  sa tu ra t ed  with methyl e t h y l  
ketone. Immerse 10 minutes i n  Solut ion # l  maintained a t  150°F. 
Rinse wi th  t a p  water and d i s t i l l e d  water. 
Immerse 5-10 minutes i n  s o l u t i o n  12 maintained a t  140-160°F. Repeat 
r i n s i n g  and dryiag procedures.  

Oven dry a t  150'F. 

d .  F i e l d  Chemical Etch for S t a i n l e s s  

P s s t e  #1 Pas te  412 . 

Hydrochloric Acid (35%) 100 P a r t s  S u l f u r i c  Acid (98%) 100 P a r t s  

Formalin (40%) 20 'I D i s  t i 1 1 ed Water 30 'I 

S i l i c a  Gel(Santoce1 C) 15.5 'I S i l i c a  Gel(Santoce1 C) 15 

Hydrogen Peroxide (30%) 4 " Sodium Dichromate 10 I* 

e .  Chemical Etch f o r  Titanium 

Concentrated Ni t r i c  Acid 3C P a r t s  

Water 100 'I 

Hydrofluoric Acid 5 ' I  

Degrease a l l  su r faces  with a c l ean  c l o t h  sa tu ra t ed  with methyl e t h y l  
ketone. Immerse 10-15 minates i n  above s o l u t i o n  maintained a t  100- 
125°F. Oven dry Rinse with t a p  water f o l l n r ~ e d  by d i s t i l l e d  water. 
6 t  150°F. 

4. 
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4. Mixing: Formulation 

Nylon-fil led Epoxy Const i tuent  (Resin 3170) . . . . . . . 50 p a r t s  
by Weight or  Volume. 
Nylon-fil led Polyamine Consti tyent (Resin 7133) . , . . 50 p a r t s  
by Weight o r  Volume. 

J u s t  p r i o r  t o  appl icat ion,  combine the two r e a c t i v e  c o n s t i t u e n t s  i n  equal 
p a r t s  by weight o r  volume. 
is  suggested t o  prevent exotherm and shortened po t  l i f e .  
can be  at , ta ined by hand-mixing with a s p a t u l a  u n t i l  t h e  e n t i r e  mass 
t akes  on a creamy, hciiiageneous appearance. 
l i f e  i s  1 - 1 / 2  t o  2 hours a t  75°F. 

A max imum of one pound of combined adhesive 
Good blending 

The average pot or working 

5. Application: 

Trowel o r  squeeze t h e  mixed adhesive t o  a t h i ckness  of approximately 
5-mils on both cleaned adherend s u r k c e s  to  be bonded. Thickness may 
be reduced o r  increased on smaller o r  l a rge r  p a r t s ,  r e s p e c t i v e l y ,  to 
f a c i l i t a t e  ob ta in ing  the  f i n a i  t o t a l  g l u e l i n e  thickness ,  Assemble t h e  
s u r f a c e s  t o  be bonded and apply s u f f i c i e n t  p re s su re  t o  y i e l d  a f i n a l  
g l u e l i c e  th i ckness  of 3-5 m i l s .  A v a r i e t y  of. s u i t a b l e  j i g s  and clamps 
may be  used t o  apply a p o s i t i v e  contact  pressu e t o  t h e  assembly u n t i l  
t h e  t i m e  necessary t o  develop required s t r e n g t h  has elapsed.  
overhead o r  v e r t i c a l  surfaces ,  masking t ape  may be used t o  dam-up the 
f l a s h  areas of t h e  bonded area t o  prevent flow-out of t h e  adhesive.  

For bonding 

6 .  Curing: 

G e l l a t i o n  of Adhesive A w i l l  occur i n  about 6 hours at. ambient temper- 
a t u r e .  I n  general ,  optimum room temperature s t r eng th  i s  a t t z i n e d  a f t e r  
22 hours cure  a t  ambient temperature; low temperature s t r e n g t h  develops 
about one-third as f a s t ,  not reaching optimum u n t i l  about four  days 
a€  ter bonding. 

Curing time may be markedly reduced by r a i s i n g  t h e  temperature.  
example, a 1/2-hour cure  a t  200°F is  approximately equivalent  t o  four 
days cure a t  75°F. 

For 
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7 .  Physical  P rope r t i e s  

a.  Tens i l e  Shear Strength,  p s i  (.064" a l l o y  with 1/2" overlap.  Tested 

7075-T6 301-1/2 Hard AMs 4910 
A luminum S t a i n  le  s s Titanium 

per MIL-A-5090D) 

-423'F . . . . .  . . .  2500 
-320 . . . . . . . . .  2700 . . . .  650 . . . .  .1300 
-67 . . . . . . . . .  3700 
RT . . . . . . . . .  3100 . . .  .2400 . . . .  .2400 
+125 . . . . . . . . . .  1500 
+180 . . . . . . . . .  500 

b. Tee Peel  Strength,  lbs/1" (.020" 7075T6 Bare aluminum a l l o y  1" x 12" 
s t r i p s  with t o t a l  overlap.  Tested a t  head t r a v e l  of Z"/min) 

-423 . . . . . . . . . . . .  3.0 
-321) . . . . . . . . . . . .  3.5 
-67 . . . . . . . . . . .  -4.0 

RT . . . . . . . . . . . . .  3.9 
+125 . . . . . . . . . . . .  9.0 
+180 . . . . . . . . . . . .  2.0 

c.  Coef f i c i en t  of Linear Thermal Expansion, in/Fn OF x lo5$ 
(Annuai Report, Contract NAS8- 1565, page 10) 

Temperature Range 
from -320 t o  +32"F . . . . .  3.17 

d. Impact Strength,  f t - l b s / l  in2 (7075T6 Bare aluminum a l l o y .  
Federal Test Method Standard No. 175. Methods 1051 and 1051.1-T) 

-320°F . . . . . . . . . . .  10.7 
RT . . . . . . . . . . .  14.4 

e .  Butt  Tensi le  Strength,  psi (Federal  Test  Method Standard No. 175, 
Method 1011.1) 

-423'F . . . . .  5700 RT . . . .  3200 
-320 . . . . .  5400 +125"F . . .  1250 
-67 . . . . .  3900 +180 . . . .  750 

f .  Compressive Strength,  p s i  (Compressive load sustained by joint and 
dimensional changes) 

-320'F KT 
60,000 psi - No Change 60,000 p s i  - No Change 
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g. Mechanical Shock a t  -423°F 

5 0  G, 1/2 Sine, 6 Shocks, 7 Milliseconds - "GO" 
11 100 G, , 1 Shock - "NO GO" 

h.  LOX Compatibility 

This adhesive should not b e  used where it w i l l  be direc t ly  exposed 
t o  l iquid oxygen. 
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B. ADHESIVE B. Spec i f i ca t ions  and Q u a l i f i c a t i o n  

1. Uses: 

For bonding c l i p s ,  brackets ,  e t c . ,  t o  s k i n  port ions of f u e l  and ox id ize r  
con ta ine r s  and othex r e l a t e d  components f o r  launch vehicles .  The 
adhesive i s  r e a d i l y  adaptable  t o  f i e l d  use by technicians having l i t t l e  
o r  nu experience i n  p l a s t i c s  technology. Surface preparat ions can be 
simple, bonding and curing can be accomplished under ambient condi t ions 
et x m t a c t  pressure,  and the  r e s u l t a n t  bonded assemblies are app l i cab le  
when submerged i n  cryogens such as l i q u i d  ni t rogen and l i q u i d  hydrogen. 

Note: This adhesive s h u l d  not be ubed where it  w i l l  be d i r e c t l y  
exposed t o  l i q u i d  oxygen. 

2 .  Descript ion:  

Adhesive B i s  a th ree -pa r t  composite system consi -.ing of two s u b s t r a t e  
f i l m s  of 1 - m i l  Teflon FEP, Type 544 adhered and laminated between 
adherends with Narmco Resin 3135 and Curing Agent 7111, an epxoy and 
po lyamide adhesive, r e spec t ive ly  . 

3. Surface Preparat ions:  

Chemical e tches  a r e  t o  be  preferred over a l l  mechanical methods. A 
chemical e t c h  can be prepared f o r  f i e l d  app l i ca t ion .  Mechanical methods 
such as solvent  degreaslng, sanding, and sandblast ing should only be  
used as a last  r e s o r t .  Surfaces should be bonded as soon af ter  c l ean ing  
as possible .  

a .  Chemical Etch f o r  Aluminum Alloys 

Sodium Dichromate 30 Parts 
D i s t i l l e d  Water 170 I' 

concentrated S u l f u r i c  Ac*id 50 'I 

Degrease a l l  su r f aces  with a clean c l o t h  sa tu ra t ed  with methyl e t h y l  
ketone. Immerse 5-10 minutes i n  the  above s o l u t i o n  maintained a t  
150-160'F. Rinse with t a p  water and then with d i s t i l l e d  water.  
Oven dry a t  150'F. 

b. F ie ld  Chemical Etch f o r  Aluminum 

Sodium Dichromate 30 Parts 
D i s  ti1 led Water 50 'I 

Concentrated S u l € u r i c  Acid 50 'I 

S i l i c a  Gel (Santocel C) LO If 
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Degrease a l l  su r f aces  wi th  a c l e a n  c l o t h  sa tu ra t ed  wi th  methyl e t h y l  
ketone. P a i n t  t he  heavy p a s t e  e tchant  on a l l  su r faces  t o  be bonded 
and a l low to remain 50 minutes. Wash down with a stream of running 
t a p  water t o  remove a l l  t r a c e s  of e tchant .  A i r  dry. 

c.  Chemical Et& f o r  S t a i n l e s s  Alloys 

So lu t ion  111 Solut ion #2 

Hydrochloric Acid(35X) 100 P a r t s  S u l f u r i c  Acid (98%) 100 P a r t s  

Formalin (40%) ' 20 D i s  t i 1 led Water 30 I'  

D i s t i l  led Water 90 

Hydrogen Peroxide(30%) 4 I' Sodium Dichromate 10 I t  

Degrease a l l  su r f aces  wi th  a c l e a n  c l o t h  se tu ra t ed  with methyl e t h y l  
ketone. Immerse 10 minutes i n  Solut ion 91 maintained a t  150°F. 
Rinse with t a p  water and d i s t i l l e d  water. 
Immerse 5-10 minutes i n  s o l u t i o n  #2 maintained a t  140-160°F. Repeat 
r i n s i n g  and drying procedures.  

Oven dry a t  150°F. 

d .  F i e l d  Chemical Etch f o r  S t a i n l e s s  

Paste #l Paste  #2 

Hydrochloric Acid(35x) 100 P a r t s  S u l f u r i c  Acid (98%) 100 P a r t s  

Forma 1 i n  (40%) 20 " D i s t i  1 led Water 30 I' 

S i l i c a  Gel(Bantoce1 C) 15.5 I' S i l i c a  Gel(Santoce1 C) 15 I' 

Hydrogen Peroxide (30%) 4 Sodium Dichromate 10 I' 

Degrease a l l  s u r f a c e s  with a c l e a n  c l o t h  sa tu ra t ed  wi th  methyl e t h y l  
ketone. P a i n t  t he  P a s t e  #/I on all su r faces  t o  be b o d e d  and allow t o  
remain 40 minutes. Wash down with a stream of running water t o  
remove all t r a c e s  of e t chan t .  A i r  dry. P a i n t  t h e  Pas t e  #2 on a l l  
s u r f a c e s  t o  be bonded and allow t o  remain 40 minutes. Repeat r i n s i n g  
and drying procedures.  

e. Chemical Etch f o r  Titanium 

Concentrated N i t r i c  Acid 30 P a r t s  

Water 100 
Hydrofluoric Acid 5 " 

Degrease a l l  su r faces  wi th  a c l ean  c l o t h  sa tu ra t ed  with methyl e t h y l  
ketone. Immerse 10-15 minutes i n  above s o l u t i o n  maintained a t  100- 
125°F. Rinse with t a p  water followed by d i s t i l l e d  water. Oven d ry  
at 150°F. 
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4. Mixing: 

Expoxy Const i tuent  (Resin 3135) . . . . . . . . . . . . 50 P a r t s  
by Weight o r  Volume. 
PolyamLde Const i tuent  (Curing Agent 7111) . . . . . . . 50 P a r t s  
by Weight o r  Volume. 
1 - M i l  Teflon FEP, Type 544 . I . . . . . . Two s u b s t r a t e  Films. 

J u s t  p r i o r  t o  application,combine Resin 3135 with Curing Agent 7111  i n  
t h e  recommended r a t i o .  A maximum of one pound of combined adhesive is 
suggested t o  prevent  excessive exotherm and shortened pot l i f e .  Good 
blending can be a t t a i n a d  by hand-mixing with a spa tu l a  u n t i l  t h e  e n t i r e  
mass takes  on a creamy, homogeneous appearance. The average po t  o r  
working l i f e  i s  1-112 - 2 hours a t  75°F. 

5 .  Application: 

C u t  t h e  two s u b s t r a t e  f i lms  of 1 - m i l  Teflon FEP, Type 544, l a r g e  
enough to underlay t h e  adherend bonding area and extend 1/4" i n  a l l  
d i r e c t i o n s .  Trowel or  squeeze t h e  prepared adhesive to a th i ckness  of 
approximately 2 m i l s  on both adherend su r faces  t o  be bonded. 
or squeeze both s i d e s  of each of t h e  two f i ims  t o  a thickness  of approxi- 
mately 2 m i l s  wi th  t h e  prepared adhesive. 
f a c e s  t c  be bonded with t he  two s u b s t r a t e  f i lms  laminated between. 
Apply s u f f i c i e n t  pressure t o  y i e l d  a g lue l ine  thickness  of 5-8 m i l s .  
v a r i e t y  of s u i t a b l e  j i g s  and clamps may be used t o  apply a p o s i t i v e  
contact  p re s su re  t o  the  assembly u n t i l  time necessary t o  develop required 
s t r e n g t h  has elapsed. For bonding overhead o r  vertical  su r faces ,  masking 
t a p e  may be used t o  dam-up t h e  f l a s h  area .of t h e  bonded a r e a  t o  prevent 
flow-out of t h e  adhesive.  

Trowel 

Assemble t h e  prepared s u r -  

A 

6 .  Curing: 

Ge l l a t ion  of Adhesive 3 will occur i n  about 6 hours a t  ambient temper- 
a t u r e .  I n  general ,  optimum room and low temperature s t r e n g t h s  a r e  
a t t a i n e d  a f t e r  22 hours cure  a t  ambient temperature. 

Curing time may be markedly reduced by r a i s i n g  the  temperature.  
example, a 1/2-hour cure  a t  200°F i s  approximately equivalent  t o  22 hours 
cure  a t  75°F. 
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7.  Phys ica l  P r o p e r t i e s  : 

a. Tens i l e  Shear Strength,  p s i  (.064" alloy w i t h  1/2" overlap.  Tcsted 
per MIL-A-5090D) 

7075-T6 301-1/2 Hard AMs 4910 
Aluminum S t a i n l e s s  Titanium 

-423°F . . . . . .  5300 
-320 . . . . . .  5000 . . . .  1200 . . . .  980 
-67 . . . . . .  3800 
RT . . . . . .  1900 . . . .  700 . . . .  1580 

+125 . . . . . .  1300 
+180 . . . . . .  700 

b. Tee Pee l  S t rength ,  l b s / l "  (.020" 7075116 Bare aluminum a l l o y  1" x 12" 
s t r i p s  wich t o t a l  Vtczlap. Tested a t  head t r a v e l  of l"/min) 

-423 . . . . . . . . . . . . .  6.0 
-320 . . . . . . . . . . . . .  9.0 
-67 . . . . . . . . . . . . .  7.0 

RT . . . . . . . . . . . . .  4 . 0 .  
+125 . . . . . . . . . . . . .  8.0 
+180 . . . . . . . . . . . . .  2.0 

3 
c.  Impact S t rength ,  f t - l b s / l  in2 (7075T6 Bare aluminum a l l o y .  Fede ra l  

T e s t  Method Standard No. 1?5, Methods 1051 and 1051.1-T) 

-320°F . . . . . . . . . . . .  0.6  
RT . . . . . . . . . . . .  2.6 

d.  Bu t t  Tens i l e  S t rength ,  p s i  (Federa l  Tes t  Method Standard No. 175, 
Method 1011.1) 

-423°F . . .  ,9200 RT . . .  .I900 
-320 . . .  .6100 +125"F. . .  .1600 
-67 . . .  .3100 1180°F. . .  .lo00 

e. Compressive S t rength ,  p s i  (Compressive load sus t a ined  by j o i n t  and 
dimens Fona 1 changes ) 

-320°F RT 
60,000 psi - No Change GO, 000 psi - No Change 



f .  Mechanical Shock at  -423°F 

100 G, 1/2 Sine, 6 Shocks - "GO" 
(50 G - inconclusive) 

g. LOX Compatibility 

This adhesive should not  be used where i t  w i l l  be d i r e c t l y  exposed 
to l i q u i d  oxygen. 
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C. ADHESIVE C. Spec i f i ca t ions  and Qua l i f i ca t ion  

For bonding c l i p s ,  brackets ,  e t c . ,  t o  skin p o r t i c n s  of f u e l  and 
ox id ize r  con ta ine r s  and o the r  r e l a t e d  components f o r  launch veh ic l e s .  
The adhesive i s  r e a d i l y  adaptable  t o  f i e l d  u s e  by technicians having 
l i t t l e  o r  no experience i n  p l a s t i c s  technology. Surface preparat ions 
can be simple, bonding and curing can be accomplished under ambient 
cond i t ions  a t  contact  pressure,  and the  r e s u l t a n t  bonded assemblies are 
app l i cab le  when submerged in cryogens such as l i q u i d  n i t rogen  and l i q u i d  
hydrogen. 

Note: This adhesive should not be used where it. w i l l  be d i r e c t l y  exposed 
t o  l i q u i d  oxygen. 

2 .  Description: 

Adhesive C i 6  3 Cwo-part system cons i s t ing  of Adiprene I.-100 ( a l s o  
designated as Earmco Resin 7341) polyurethane e1,astomer and Moca ( a l s o  
designated as Narmco Curing Agent 7139). 

3. Surface Preparat ions:  

Clielnical e t ches  a r e  t o  be  p re fe r r ed  over a l l  mechanical methods. 
chemical e t ch  can l e  prepared f o r  f l e l d  app l i ca t ion .  Mechanical methxis 
such as so lven t  degreasing, sanding, and sandb las t ing  should only be 
used as I Isst, r e s o r t ;  Surfaces should be bonded as soon a f t e r  cleac'ung 
as possible .  

A 

a. Chemical Etch f o r  Aluminum Alloys 

Sodium Dichromate 30 P a r t s  
D i s t i l  led Water 170 'I 

Concentrated S u l f u r i c  Acid 50 " 

Degrease all surfaces  with a c l ean  c l o t h  s a t u r a t e d  with methyl e t h y l  
ketone. Immerse 5-10 minutes i n  the above s o l u t i o n  maintained a t  
15G-160°F. Rinse with t a p  water, then w i t h  d i s t i l l e d  water .  Oven 
dry at 150°F. 

b. F i e l d  Chemical Etch f o r  Aluminuni 

Sodium Dichromate 
D i s t i l l e d  Water 
Concentrated Suif ur  i c  Acid 
S i l i c a  G e l  (Santocel C) 

30 P a r t s  
50 I' 

50 I' 

10 It 
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Degrease a l l  su r f aces  with a c l ean  c l o t h  sa tu ra t ed  with methyl e t h y l  
ketone. 
and allow t o  remain 50 minutes. 
t a p  water t o  remove a l l  t r a c e s  of e tckant .  A i r  dry.  

Pa in t  t h e  heavy paste etchsnt  on a l l  su r f aces  t o  be bonded 
Wash down with a stream of running 

c.  Chemical Etch f o r  S t a i n l e s s  Alloys 

So lu t ion  #1 Solut ion #2 

Hydrochloric Acid(35%) 100 Parts S u l f u r i c  Acid (98") 100 P a r t s  

Fsrmalin (40%) 20 ' I  D i s t  i 1 led Water 30 It 

Dis t i 1 1 ed Water 90 ' I  

Hydrogen Peroxide (3VL) 4 I' Sodium Dichromate 10 I t  

Degrease a l l  su r f aces  with a c l ean  c l o t h  sa tu ra t zd  with methyl ethyl 
ketone. Immerse 10 minutes i n  Solat ion #l maintained a t  150'F. 
Rinse with t a p  water and d i s t i l l e d  water. 
Immerse 5-10 minutes i n  s o l u t i o n  #2 maintained a t  140-160°F. Repeat 
r i n s i n g  and drying proceuuree 

Oven dry a t  150°F. 

d. F i e l d  Chemical Etch f o r  S t a i n l e s s  

Pas t e  #l - P a s t e  

Hydrogen Peroxide (30%) 4 Sodium Dichromate 10 I @  

Hydrochloric Acid (35O/,O 100 P a r t s  S u l f u r i c  Acid (9877) 100 P a r t s  

Formalin (40%) 20 I '  D i s t i l l e d  Water 30 'I 

S i l i c a  G e l  (Santocel C) 15.5 I @  S i l i c a  Gel(Santoce1 C} 15 I'  

fiegrease a l l  su r f aces  with a c lean  c l o t h  sa tu ra t ed  with methyl e t h y l  
ketone. Pa in t  the Pas t e  81 c u  a l l  surfaces  t o  be bonded and al low 
t o  remain 40-minutes.  Wash down with a stream of running water t o  
remove all traces of etchmt. A i r  dry .  Faint  the Paste #Z on all 
su r faces  t o  be bonded and a l l m  tc remain 40 minutes. 
and dryicg proc~dures . 

Repeat r i n s i n g  

e. Chemical Etch f o r  Titanium 

Concentrated Ni t r ic  Acid 30 Parts 

Water 100 
Hydrofluoric Acid 5 

Degrease a l l  su r faces  with a c l ean  cloth sa tu ra t ed  with methyl e t h y l  
ketone. Immerse 10-15 minutes i n  above s o l u t i o n  maintained a t  100- 
125°F. Oven d ry  
a t  150°F. 

Rinse with t a p  water followed by d i s t i l l e d  water. 
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4. Mixing: 

Adiprene L-100 (Narnco Resin 7343) . . . . . .  100 P a r t s  by Weight 
Moca (Narrnco Curing Agent 7139). . . . . . . .  11 Parts by Weight 

J u s t  p r i o r  t o  app l i ca t ion ,  weigh the required amounts of r e a c t i v e  
ing red ien t s  (a 2% weight e r r o r  can be t o l e r a t e d ) .  M e l t  the required 
amount of Curing Agent 7139 a t  250°F +25"F. 
i n t o  Resin 7343 a t  room temperature. A clear, homgeneous s o l u t i o n  should 
r e s u l t .  
prevent excessive exotherm and shortened pot l i f e .  
should be  about 8 hours a t  75°F. 
precaut ions f o r  Resin 7343 should be fol . lowd.  

Using 8 spa tu l a ,  sttr this  

A maximum of one pound of combined adhesive. is suggested t o  
The average pot l i i e  

Manufacturer 's  s t o r a g e  and handl ing 

5. Application: 

Trowel o r  squeeze t h e  prepared adhesive t o  a t h i ckness  of approximately 
5 m i l s  on both adherend s u r f a c e s  to  be bonded. Assemble t h e  prepared 
su r faces  and apply s u f f i c i e n t  p re s su re  t o  y i e l d  a g l u e l i n e  th i ckness  of 
3-5 mils. A v a r i e t y  of s u i t a b l e  jigs and clamps may be used t o  apply  a 
p o s i t i v e  con tac t  p re s su re  t o  t h e  assembly u n t i l  t i m e  necessary t o  
deveiop r equ i r ed  s t r e n g t h  iia? elapsed. 
su r f aces ,  masking t ape  m y  be used t o  dam-up t h e  f l a s h  areas of t h e  
bonded area t o  prevent  flow-out of t h e  adhesive.  

For bonding overhead or v e r t i c a l  

6. Curing: 

G e l l a t i o n  of t he  adhesive w i l l  occur in about 24 hours  a t  ambient temper- 
a t u r e .  In general ,  optimum room temperature and low temperature s t r e n g t h s  
are a t t a i n e d  a f t e r  3-days cure a t  75°F. 
develops about t h r e e  t i m e s  as f a s t  a s  the ambient s t r eng th .  
low temperature s t r e n g t h  is about t h r e e  times t h a t  of t he  optimum ambient 
temperature s t r eng th .  

Curing t i m e  may be markedly reduced t o  4 hours a t  158"F, 3 hours a t  

The low temperature s t r e n g t h  
The optimum 

. 212"F, 1 hour a t  285"F, o r  30 m i m t e s  a t  320°F. 

7 .  Physical  P rope r t i e s :  

a. Tens i l e  Shear Strength,  p s i  (.064" a l l o y  with 1/2" overlap.  Tested 
per MIL-A-5090D) 

7075-T6 
Aluminum 

-423'F . . . . . . . .  8000 
-320 . . . . . . . .  5000 
-67 . . . . . . . .  4600 

RT . . . . . . . .  1600 
+125 . . . . . . . .  700 
+180 . . . . . . . .  450 

- 
... 
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b. Tee Pee l  Strength,  l b s / l "  (.020" 7075116 Bare aluminum a l l o y  l " ~ 1 2 ~ '  
s t r i p s  with t o t a l  overlap.  Tested a t  head t r a v e l  of 211/min) 

-423OF . . . . . . . . .  26.0 
-320 . . . . . . . . .  33.0 
-67 . . . . . . . . .  22.5 
RT . . . . . . . . .  11.3 

+125 . . . . . . . . .  9 . 0  
+180 . . . . . . . . .  10.0 

c .  Impact Strength,  f t - l b s / l  in2 (707516 Bare aluminum a l l o y .  Federal  
Test Method Standard No. 175, Metnods 10.51 and 1051.1-T) 

-320OF . . . . . . . . .  13.15 
RT . . . . . . . . .  12.57 

d. Bu t t  Tens i l e  Strength,  p s i  (Federal Test Method Standard No. 175, 
Method 1011.1) 

. . .  -423°F . . .  7600 RT LBO0 
-320 . . .  6200 +125 . : . 1000 
-67 . 5800 +180 . . .  600 

e. Compressive Strength,  p s i  (Compressive load sus t a ined  by j o i n t  and 
dimensional changes) 

-320°F RT 
60,000 p s i  - No Change 60,000 p s i  - No Change 

f .  Mechanical Shock at -423"F, "Go" or "No Go" after s i x  shocks at 
100 G, 1/2 s i n e  wave, and 6 mil l iseconds durat ion)  

50 G, 1 / 2  Sine,  6 Shocks, 7 Mil l iseconds - "GO" 
100 G, 1 / 2  Sine,  6 Shocks, - "GO1* 

g. LOX Compatibil i ty 

This  adhesive should not be used where it w i l l  be d i r e c t l y  exposed 
t o  l i qu id  oxygen. 
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D. ADHESIVE D. Specif icat ions and Q u a l i f i c a t i o n  

For bonding c l i p s ,  brackets, e t c , ,  t o  skin portions of f u e l  and oxidizer  
containers and other r e l a t ed  components f o r  launch vehicle€.  The 
adhesive i s  r ead i ly  adaptable t o  field use by technicians having l i t t l e  
or no experience i n  plastics technology. Surface preparat ions can be 
simple, bonding and curing can be accomplis.ied under ambient conditions 
a t  contact pressure,  and the r e s u l t a n t  bonded as eab l i e s  a r e  app l i cab le  
when submerged i n  cryogens such as l i qu id  n i t w g e n  ac5 l i qu id  hydrogen. 

Note: This adhesive should not be used where it w i l l  be d i r e c t l y  exposed 
t o  l i q u i d  oxygen. 

2. Description: 

Adhesive D is a two-part system c o ~ a i a t i n g  o f  Adiprene LD-167 (a lso 
designated as Narmco Resin X-310) polyurethane elastomer and Moca (also 
desigoatad as Curing Agefit 7139).  

3. Surface Preparations:  

Chemical etches a r e  t o  be prepared over a l l  mechanical methods. 
chemical e tch can be prepared for f i e l d  appl icat ion.  Mechanir-a1 methodL 
such as solvent  degreasing, sanding, and sandblast ing should only be 
used as a last r e s o r t .  Surfaces should be bonded as soon a f t e r  c leaning 
as possible .  

A 

a. Chemica: Etch fo r  ALurninum Alloys 

Sod ium Dichromat e 30 Pa r t s  
D i s t  i l i e d  Water 170 I’ 

Concentrated Su l fu r i c  Acid 50 I‘ 

Degrease a l l  surfaces  with a clean c l o t h  saturated with methyl 
e thy l  ketone. Immerse 5-10 minutes i n  t he  above so lu t ion  maintained 
st  150-160°F. Rinse w i t h  t a p  water, then with d i s t i l l e d  water;  
Oven dry a t  150°F. 

b. Field Chemical Etch for Aluminum 

Sodium Dichromate 30 Parts  
D i s t i l l e d  Water 50 II 

Concentrated Sulfur ic  Acid 50 I’ 

S i l i c a  Gel (Santocel C) 10 
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Degrease a l l  su r f aces  with a c l ean  c l o t h  sa tu ra t ed  with methyl e t h y l  
ketone. Pa in t  t h e  heavy p a s t e  e tchant  on a l l  s u r f a c e s  t o  be bonded 
and allow t o  remain 50 minutes. Wash down with a stream of running 
t a p  b a t e r  t o  remove a l l  t r a c e s  of  etchant .  Air dry,  

c .  Chemical Etch f o r  S t a i n l e s s  Alloys 

Solut ion #1 Solut ion #2 

Hydrochloric Acid (35%) 100 P a r t s  S u l f u r i c  Acid(98%) 100 P a r t s  

Formalin (40%) 20 D i s t i l l e d  Water 30 " 

D i s t i l l e d  Water 90 

Hydrogen Feroxide (30%) 4 I t  Sodium Dichromate 10 

Degrease a l l  su r faces  with a c lean  c l o t h  sa tu ra t ed  with methjrl e t b y l  
ketone. Immerse 10 minutes in Solut ion #1 maintained a t  1.50"F. 
Rinse with t a p  water and d L s t i l l e d  water. Oven dry 150°F. 
Immerse 5-10 minutes i n  s o l u t i o n  #I2 maintained a t  140-160°F. Repeat 

' r i n s i n g  and drying procedures.  

d.  F i e ld  Chemical Etch f o r  S t a i n l e s s  

Paste  81 Pas t e  92 
Hydrochloric Acid(35%) 109 P a r t s  S u l f u r i c  Acid (98%) io0 Parts 
Hydrogen Peroxide(30%) 4 Sodium Dichromate 10 
Fortrialin (40%) 20 ' I  D i s t i l l e d  Water 30 " 

S i l i c a  Gel(Santoce1 C)  15,5 " S i l i c a  Gel(Santoce1 C) 15 

Degrease a l l  su r faces  with a c l ean  c l o t h  sa tu ra t ed  wi th  methyl e t h y l  
ketone. Pa in t  t h e  Paste 111 on a l l  su r f aces  t o  be bonded and al low t o  
remain 40 minutes. Wash down with a stream of running weter to 
remove a l l  t r a c e s  'of e t chan t .  A i r  dry.  Paint t h e  Pas t e  #2 on a l l  
surfaces  t o  be bonded and al low t o  remain l.0 minutes. Repeat r i n s i n g  
and drying procedures.  

e. Chemical Etch f o r  Titanium 

Concentrated N i t r i c  Acid 30 Parts 

Water - -  100 
Hydrofluoric Acid 5 " 

Degrease a l l  surfaces  wi th  a c l eax  c l o t h  s a t u r a t e d  with methyl  e t h y l  
ketone. Immerse 10-15 minutes i n  above s o l u t i o n  maintained a t  100- 
125°F. Oven dry 
a t  150°F. 

Rinse with t a p  water followed by d i s t i l l e d  water. 
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4. Mixing: 

Adiprene Lil-i67 (Narmco Resin X-310) . . . I - 100 Pa r t s  by Weight 
Moca s(Narmco Curing Agent 7139) . . . . . . . a 11 P a r t s  by Weight 

J u s t  p r i o r  t o  a p p l i c a t i o n ,  weigh t h e  required amounts of r e a c t i v e  
ing red ien t s  (a 2% weight e r r o r  can be t o l e r a t e d ) .  
amount of Curing Agent 7139 a t  250°F + 25°F. 
room temperature us ing  a spatula .  A c l e a r ,  homogeneous so lu t ion  should 
r e s u l t .  A maximum of one pound of combined adbesive is suggested t o  
prevent  excessive exotherm and shortened pot l i f e .  
should be about 8 hours a t  75"Y.  Manufacturer's s to rage  and handling 
precaut ions f o r  Resin X-310 should be followed. 

M e l t  t h e  required 
S t i r  i n t o  Resin X-310 a t  

The average pot  l i f e  

5.  , Application: 

Trowel o r  squeeze t h e  prepared adhesive t o  a thickness  of eppruxiniately 
5 m i l s  on both adherend su r faces  t o  be bonded. Assemble the prepared 
su r faces  and apply s u f f i c i e n t  pressure t o  y i e l d  a g l u e l i n e  thickness  
of 3-5 m i l s .  
a p o s i t i v e  contact  p re s su re  t o  the assembly u n t i l  time necessary t o  
develop required s t r e n g t h  has elapsed. 
su r r aces ,  masking t ape  may be used t o  dam-up t h e  f l a s h  a r e a s  of t h e  
bonded area t o  prevent  flow-out of t h e  adhesive.  

A v a r i e t y  of s u i t a b l e  jigs and clamps may be used t o  apply 

For bondizg overnead or  v e r t i c a l  

6. Curing: 

Ge l l a t ion  of t he  adhesive w i l l  occur i n  about 24 hours a t  ambient temper- 
a t u r e .  I n  g m e r a l ,  optimum roon temperature and low temperature s t r e n g t h s  
are a t t a i n e d  a f t e r  3-days cure at 75'F. 
develops about three t i m e s  as f a s t  as t h e  ambient s t r eng th .  
low temperature s t r e n g t h  i s  about t h r e e  times t h a t  of t h e  optiplum ambient 
t emperature s t r e n g t h .  

Curing time may be markedly reduced t o  4 t o u r s  a t  158"F, 3 hours a t  212'F, 
1 .hour a t  285'F, o r  30 minutes a t  320°F. 

The l o w  temperature s t r e n g t h  
The optimum 
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7 ,  Physical  P rope r t i e s :  

a .  Tensi le  Shear Strength,  
per  MIL-A-5090D) 

.-423"F . . 
-320 , . 
-67 . .  
RT . .  

+125 * .  

+180 . . 

p s i  (.064" a l l o y  with l /2"  overlay.  

7 0 75 - T6 301 1/2-Hard 
Aluminum - S t a i n l e s s  

. . . .  6700 . . . .  5100 . . . .  3500 . . . .  5000 . . . .  1900 . . . .  680 . . . .  85 0 . . . .  35 0 

Tested 

b .  Tee Peel St reng th ]  l b s / l "  (.020!' 7075T6 Bare aluminell a l l o y  l"x12" 
s t r i p s  with t o t a l  dverlap.  Tested at head t r a v e l  of 2". m i n )  

-423°F . . . . . .  26.0 
-320 . . . . . .  22.5 
-67 . . . . . .  9.5 

RT . . . . . .  30.0 
+I25 . . . . . .  9.0 
+180 . . . . . .  9.5 

c .  Impact S t r eng th ]  f t - l b s / l  in2 (707536 Bare aluminum a l l o y .  Federal  
Test Method Standard No. 175, Methods 1051 and 1051.1-T) 

-320°F . . . . . . .  1.10 
RT . . . . . . .  3.07 

d .  B u t t  Tensile Strength,  p s i  (Federal T e s t  Method Standard No. 175, 
Method 10 11.1) 

-423°F . . .  6800 RT . . .  1900 
-320 . . .  7700 r125"F. . .  820 
-67 . . .  6300 +180"P. . .  750 

e.  Mechanical Shock a t  -423"F, "Go" or "NO Go" after s i x  shocks a t  
LOO G, 1 / 2  s i n e  wave, and 6 mil l iseconds durat ion)  

100 G, 1 / 2  Sine,  6 Shocks - "GO" 

f. LOX Compatibil i ty 

This adhesive should not be used %here it  w i l l  be d i r e c t l y  exposed 
t o  l i q u i d  oxygen. 
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E. ADHESIVE E. Spscif i ca t ions  and Qualif i ca t ion  

For bonding c l i p s ,  brackets, e t c . ,  t o  skin port ions of f u e l  and oxidizer 
containers and other r e l a t ed  components fo r  launch vehicles .  The 
adhesive I s  r ead i ly  adaptable to  f i e l d  use by technicians h.xing l i t t l e  
or  no experience i n  p l a s t i c s  technology. Surface pre;>aracLons can be 
simple, boxling and curing can be accomplished under sinbient conditions 
a t  contact pressure,  and the  YesuLtant bonded assemblies are appl icable  
when submerged i n  cryogens svci. as l i qu id  ni t rogen and l i qu id  hyd-ogen. 

Note: This adhesive should 11c.l; be ufied where it w i l l  be d i r e c t i y  
exposed t o  l i qu id  ox-Js,ea. 

2. Description: 

klheslve E is a three-par t  system cons i s t ing  of Adiprene L-100 ( a l so  
designated as Narmco Resin 7343) ,  polyurethane elastomer and Moca (also 
designated as Narnco Curing Agent 71391, and 181-112 glass f a b r i c .  

3. Surface Preparations: 

Chemical etches are to be preferred over a l l  mechanical methods. A 
chemical e tch can be prepared far i i z l d  appl icat ion.  
such a s  solvent degreasing, sand;.ng, and sandbladting should only be use& 
as a las t  r e s o r t .  Surfaces shoulc! be bnnded as soon a f t e r  cleaning as 
pcosible,  

a. Chemical Etch f o r  Aluminum Alloys 

Mechmical m:-,chods 

Sodium Dichromate 30 P a r t s  
D i s t i l l e d  Water 170 '' 
Concentrated Su l fu r i c  Acid 50 

Degrease a l l  surfaces with a clean c l o t h  saturated with methyl e thy l  
ketone. Immerse 5-10 minute6 i n  the above solut ion maintained a t  
150-160OF. Rinse f i r s t  with tap water, then with d i s t i l l e d  water. Oven 
dry a t  150'F. 

b. Fie ld  Chemical Etch f o r  Aluminum 

Sodium Dichromate 30 Parts  
Dis t i 1 led Water 50 l' 

Concentrated Sulfur ic  Acid 50 " 

S i l i c a  G e l  (Santocel C) LO I '  
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Degrease a l l  su r faces  with a clean c l o t h  s a t u r a t e d  w i t h  methyl e t h y l  
ketone. Pa in t  t h e  heavy paste  e t chan t  on a l l  su r faces  t o  be bonded 
and. allow t o  remain 50 minutes. Wash dowr, w i t h  a strc-mi of running 
t a p  water t o  remove a l l  t r a c e s  of e tchant .  A i r  dry.  

c .  Chemical Etch f o r  Stainless Alloys 

So la t ion  81 Solut ion 6 2  

fiydrochloric Acid (35%) 100 P a r t s  S u l f u r i c  Acid (98%) 100 P a r t s  
Hydrogen Peroxide (30%) 4 Sodium Dichromate 1 D  ' I  

Formalin (40%) 20 D i s t i l l e d  Water 30 I' 

D i s t i l l e d  Water 90 

Degrease a l l  su r f aces  with a c l ean  c l o t h  s a t u r a t e d  with methyl e t h y l  
ketone. Immerse 3.0 minutes i n  So la t ion  #1 maintained a t  150°F. 
Rinse with t a p  water and d i s t i l l e d  water.  
Immerse 5-10 minutes i n  so lu t ion  #2 maintained at 140-160°F. Repeat 
r i n s i n g  and drying proceduxes. 

Oven dry a t  150'F. 

d .  F ie ld  Chemical Etch f o r  S t a i n l e s s  

Pas t e  lil Paste #2 

Hydrcrchloric Acid (35%; 100 P a r t s  S u l f u r i c  Acid (98%, 100 Parts 

Formalin (40%0 20 D i s t i l l e d  Water 30 'I 

S i l i c a  Gel(Santoce1 C) 15.5 I'  S i l i c a  Gel(Santoce1 C) 15 'I 

Hydrogen Feroxide <3i)%) 4 '' Sodium Dichromate 10 'I 

Degrease a l l  su r faces  w i t h  a c l ean  c l o t h  s a t u r a t e d  with methyl e thy l  
!:=tone. Pa in t  t he  Yasce #1 on a l l  su r f aces  t o  be bonded and allow to 
remsin 40 minutes. Wash down with a stream of running water t o  
remove all traces of etchant. Air dry. Pa in t  t h e  Paste k? on all 
su r faces  t o  be bonded and allow t o  remain 40 minutes. Repeat r i n s i n g  
and drying procedures. 

e.  _Chemical Etch For Titanium 

Concentrated Niirric Acid 30 P a r t s  
. Hydrofluoric Acid 5 1s 

Water 100 II 

Degrease a l l  su r faces  with a c l e a n  c l o t h  s a t u r a t e d  with methyl e t h y l  
ketone. Immerse 10-15 minutes F:i above s o l u t i o n  maintained a t  100- 
125°F. Rinse with t a p  water followed by d i s t i l l e d  water. Oven dry 
a t  150°F. 
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4. Xixing: 

Adiprene L.100 (Narmco Resin 7343) . . . . . . 100 P a r t s  by Weight 
Moca (Narmco Curing Agent 7139) . . . . . . . . 11 P a r t s  by Weight 

J u s t  p r i o r  t o  a p p l i c a t i o n ,  weigh the required amounts of r e a c t i v e  
ing red ien t s  (2 2% weight. e r r o r  can be t o l e r a t e d ) .  
amount of Curing Agent. 7139 a t  250°F +25"F. 
at room temperature using a spa tu l a .  A c l e a r ,  homogeneous s o l u t i o n  
should r e s u l t .  
suggested t? prevent excessive exotherm and shortened pot l i f e .  
average pzjt l i f e  should be  about 8 hours a t  75°F. 
storage end handling precaut ions f o r  Resin 7343 should be followed. 

M e l t  the  reqilired 
S t i r  t h i s  i n t o  Resin 7343 

A naximum of one pound of combined adhesive is 
The 

Manufacturer's 

5. Application: 

Trowel o r  squeeze the prepared adhesive to a thickness of approximately 
5 m i l s  an both adherend su r faces  t o  be bonded. Trowel o r  squeeze t h e  
prepared adhesive i n t o  a s i n g l e  layer  of 181-112 g l a s s  f a b r i c  t ak ing  
care t h a t  the f a b r i c  i s  well-impregnated. Assemble t h e  prepared sur-  
faces with impregnated f a b r i c  between and apply s u f f i c i e n t  p re s su re  t o  
y i e l d  a glueli ire t h i ckness  of 8-12 m i l s .  
and clamps may be used t o  apply a p o s i t i v e  con tac t  pressure t o  t h e  
assembly u n t i l  t i m e  necessary t o  develop required s t r e n g t h  h a s  elapsed. 
For bonding overhead or v e r t i c a l  surfaces ,  masking t a p e  may be used t o  
dam-up the  f l a s h  a r e a s  of t h e  bonded area t o  prevent flow-out of the 
adhesive.  

A variety of s u i t a b l e  j i g s  

6. Curing: 

Ge l l a t ion  of t h e  adhesive w i l l  occur i n  about 24 hours a t  ait<*Jl;ent ternper- 
a t u r e .  I n  general ,  opeimum room temperature aod low temperature s t r e n g t h s  
are a t t a i n e d  a f t e r  3-days cure a t  75°F. The low temperature s t r e n g t h  
develops about t h r e e  t i m e s  as f a s t  as t h e  ambien.t s t r eng th .  
low temperature f i t rength is about t h ree  times t h a t  of the optimum 
ambient temperature s t r eng th .  

Curing t i m e  may be markedly reduced t o  4 hours a t  158"F, 3 hours a t  
212"F, 1 hour a t  285"F, or 30 minutes a t  320°F. 

The optiinum 
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7.  Physical Propert ies :  

a. Tensile Shear Strength,  p s i  (.064" a l l a y  with 1/2" overlap. Tested 
per  MIL-A- 5 090D) 

7075-T6 301 1/2-Hard 
Aluminum S ta in l e s s  

-423°F . . . . . .  6500 
-320 . . . . . .  5200 . . . .  3600 
-67 . . . . . .  4500 
RT . . . . . .  1000 . . . .  600 

+125 . . . . . .  66@ 
+180 . . . . . .  400 

b. Tee Peel Strength, l b s / l "  (.020" 7075116 Bare aluminum a l l o y  I"x12" 
?tLLips with t o t a l  overlap. Tented a t  head t rave? of Z"/min) 

-243°F . . . . . .  44.0 
-320 . . . . . .  46.0 
-67 . . . . . .  14.0 

RT . . . . . .  20.0 
+125 . . . . . .  13.0 
+180 . . . . . .  11.0 

c .  Impact Strength,  f t - i b s / l  in2 (7075T6 Bare aluminum a l loy .  Federal  
Test Method S t a n d a d  No. 175, Methods 1051 and lOSl.l-;I.> 

-320°F . . . . . .  14.1 
RT . . . . . .  3.b7 

d .  B u t t  T e n s i l e  Strer.gth, psi (Federal T e s t  Method Standard No. 175, 
Method 1011.1) 

-423°F . . .  6200 RT . . 800 
-320 . . .  5900 +125"F . . 580 
-67 . . .  4100 +L80 . . 470 

E. Mechanicel Shock a t  -423OF, 'IGo" or  "No Go" a f t e r  six sliocks a t  
100 G, 112  s i n e  wave, and 6 mill iseconds durat ion 

100 G ,  1 / 2  Sine, 6 Shocks, 6 Milliseconds - "NO GO" 

f .  LOX Compatibility 

This adhesive should not be used where i t  w i l l  be d i r e c t l y  expoaed 
t o  l iquid oxygen. 



F. ADHESIVE F. Spec i f i ca t ions  and Qualif icatioy? 

1. 

9 L .  

3 .  

Us es : - 
For bonding, cliTs, brackets ,  etc., t o  s k i n  po r t ions  of f u e l  and 
ox id ize r  con ta ine r s  and o the r  r e l a t e d  components of launch veh ic l e s .  
The adhesive is  adaptable  t o  f i e l d  use by t echn ic i ans  having l i t t l e  or  
no experience i n  plastics technology. Surlkce p repa ra t i sns  can be 
simple, and the r e s u l t a n t  Sonded assemblies a r e  app l i cab le  when sub- 
merged i n  cryogens such as l i q u i d  Qxygen, l i q u i d  ni t rogen,  and l i q u i d  
hydrogen. 

Descr Fption: 

A;:kasive F i o  a s ing le -pa r t  system c o n s i s t i n g  of Dupont's Teflon FEP 
f i l m  (5 mil)  processed by fus ion  techniques. 

Surface Preparat ions:  

Only those  adherends which Lye comp3ti.D;?- with 700°F should be considered. 
Chemical e t ches  are to  be p re fe r r ed  bver a12 mechanical methods. 
chemical e t ch  can be prepared Tcr E l e l d  app l i ca t ion .  Mechanical methods 
such as so lven t  degreasing, sanding, and sandbl;: t i n t  jhould only be used 
as a las t  r e s o r t .  Surfaces should be bonded as soon a€ter c l ean ing  as 
poss ib l e .  

A 

a. Chemical Etch for S t a i n l e s s  Alloys 

So lu t ion  411 Solut ion #2_ 
Rydrochloric (35%) 100 PaTts S u l f u r f c  Acid (98%) 100 P a r t s  

Formalin (4VL) 20 " D i s t i l l e d  d a t e r  30 '' 
D i s t i l l e d  Water 

Hydrogen Peroxide (30"X.) 4 I' Sod ium D i c  h r   ma t e 10 It 

'jr) 11 

Degrease a l l  su r faces  with a c l ean  c b t n  satureted with m e t b y l  e t h y i  
ketone. Immerse 10 minutes i n  Solut ion t l  maintained a t  150°F. 
Rinse with t ~ p  water and d i s t i l l e d  water. 
Immerse 5-10 minutes i n  s o l u t i o n  #2 maintained at 140-160°F. Repeat 
rinsing an3 dryi:?.g p:rocedr;res . 

Oven d ry  a t  150'F. 

b. ' F i e l d  Chemical Etch f o r  S ta in l e s s -  

Paste #l P a s t e  #2 

i iydrochloric Acid(35%) LOO P a r t s  S u l f u r i c  Acid (98%) 100. Parts 

Formalin (40%) 20 I' D i s t i l l e d  Watar 30 'I 

S i l i c a  Gel (Santocel C)  15.5 S i l i c a  Gel(SanLoce1 C) 15 It 

Hydrogen Peroxide (30%) 4 I' Sodium Dichromate LO 
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Degrease all surfaces with a clean c lo th  saturated with methyl e thyl  
ketone. Peint  the Paste iC.1 or. a l l  silrfaces t o  be bonded and allow 
t o  remain 40 minutes. Wash down with a stream of running water t o  
remove a l l  traces of ecchant. A i r  dry. Paint t he  Paste  #2 on a l l  
surfaces t o  be bonded and allow t o  remain 40 minutes. 
r i n s ing  and drying procedures, 

Repeat 

c.  Chemical Etch for  Titanium 

Concentrate-! N i t r i r  Acid 30 Pa r t s  , 

Hydrofluoric Acid 5 I' 

Water 100 I' 

Degi-ense a l l  surfaces with a clean c l o t h  sa tu ra t ed  wlth methyl e t h y l  
ketone. Immerse 10-15 minutes i n  above so lu t ion  malntained at 
100- 125°F. Rinse with t ap  water, then w i t h  distilled v a t e r .  Cven 
d r y  a t  150°F. 

4. Application and Cure: 

Cu t  one piece of Teflon FSP f i l m  (5-mils thickness) t o  extend approxi- 
mately 1/4" beyond edges of surfaces  t o  be bonded. 
prepared surfaces  w i t h  f i l m  between and raise the temperature of the 
& . . P  ~ S L ; ,  to 700'F. 
l i n e  thickness of 3-5 mils, Cool the  assembly under pressure.  

Assemble the 

Su i t ab le  pressure should be appl ied t o  y i e l d  a glue- 

For f i e l d  aFyl icat ion,  the iOO°F temperature can b e  a t t a i n e d  by RF, 
r e s i s t ance ,  or other  e l e c t r i c a l  heat ing techniqhes. Exothermic tape 
mater ia ls ,  such as Narrnco's Exoflux, vhen applied t o  the outer surfoces 
o r  extremit ies  of bonding asselnblie-, can be used t o  give c lose ly  
controlled temperatures after i&nlL  ,on. 

5. Physical-Propert ies :  

a. Tensile Shear Strength,  
p e r  MIL-A-5090D) 

-423'F . 
-320 . 
-57 . 

RT . 
+125 
+180 

p s i  (.050 a l l o y  with 1/2" overlap. Tested 

17-7 PH 
S t a i n  l e s s  

. . . . . . .  5300 . . . . . .  . 4 0 0 0  . . . . . . . .  3100 . . . . . . .  1400 . . . . . . .  930 . . . . . . .  820 
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b. Tee Peel Strength, l b s / l "  (.020" 17-7 PH s ta in less  1" x 12" s tr ips  
with total  overlap. Tested at  a head travel of 2 " / m i 1 )  

-- -423°F . . . . . . . .  
-320 . . . . . . . .  51.0 
-67 . . . . . . . .  18.5 
RT . . . . . . . .  10.0 

+125 . . . . . . . .  5.5 
ciao . . . . . . . .  4.5 

c.  LOX Compatibility 

This adhesive i s  reported to  be insensitive when it is used i n  
direct contact with liquid oxygen. 
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The l i t e r a t u r e  survey and i n i t i a l  adhes ive  e -?a lua t ion  c e s t s  demonstrated t h e  
s u r e r i r r i t y  of t h e  nylon-epqxy adhes ive  systems f o r  c ryogenic  a p p l i c a t i o n s .  
The commerc ia l lyGsva i l ab le  forms r equ i r ed  25 pounds pe r  s q u a r e  inch  curi i ig  
p re s su re  and 3513 P f o r  cu re .  Vciriou.9 etcempts  were m&dc t o  reduce these 
cu r ing  requi rements  i f i  l i n e  v i t h  t.i.:t: rurget o b j e c t i v e s  of  the program. 
These atterr.pt.$ inc1:rded s;:i:.+.hesis o f  va r ious  ny lons ,  copolymer iza t ion  and 
m e 1  t coinbina t i o n s  of  var Fous nylos6, and nylon-epoxy c o r e a c t  ion  s t .udies  , 
Due t o  Kel t i i ig  po in t  and nyloli epoxy c o m p a t i b i l i t y  l i n i i t a t i o n s  , t h e  t a r g e t  
cu r ing  o b j e c t i v e s  were not. w t  by t h i s  g e n e r a l  approach. 
co reac t ion  t echg ique  came t h e  closbst t o  t h i s  end and dese rves  f u r t h e r  
coils i d e r a t  i on .  

The e p o q - n y l o n  

The e f f e c t s  of  r x i i e r s  wexc s i u d i e d  us ing  an  epoxy-polyamine s y s t c ~  which 
possessed t h e  d e s i r e d  p r c c e s s a b i l i t y ,  b u t  was, i n  g e n e r d ,  too b r i t t l e  ac 
cryogenic  tempsrat:ures . : i n i t i a l .  a t t empt s  t,n c o r r e l a t e  t h e  c o e f f i c i e n t  of 
expansion effec. t .s  o f  f i l l e r s  t o  adhes ive  s t r e r rg th  ani  t o u g h l e s s  ftee pee l  j 
a t  low tempera tures  were : . insuccessful.  Neve r the l e s s  , one f i l l e r  (powdered 
nylon) d i d  produce a marked improvenent i n  low tempera ture  toughness  o f  
t h e  base epoxy-ixlysmine system. One nylon (Zyeel 61) performed b e t t e r  
t han  o t h e r  c o n x e r c i a l  g rades  of  t hose  s y n t h e s i z e d  i n  t h i s  program. 
n y l o n - f i l l e d ,  epoxy-,polyarnine system, Adhesive A, was s e l e r t e d  as one 
adhes ive  for fu r t . ha r  stud.y and eva!ilat,i.on i n  view of it.; ease of  processabl .1-  
i t y ,  e x c e l l e n t  inaderately low tempera ture  s! i-eng,th p r o p e r t i e s ,  and f a i r  
s t r e n g t h  and toughness  at low terr.peratiire. Epoxy-polyamine r a t i c  s t v d i e s  
d i d  n o t  improve upon t h i s  b a s i c  ;ystem. 

Thi.s 

The f i l l e r  oppmach was expanded t o  inc lude  f i l m  s u b s t r a t e  compoa:ites 
composed of th.e epoxy-palyamine adhes ive  w i t h  e x t e n s i b l e  f J.lm i . n t e r l a y c r s .  
Various types  c f  f i l m s  were eva lua ted  where e l o n g a t i o n  a t  low t empera ture  
was c o m i d z r e d  as a d e s i r a b l e  p rope r ty .  Films incl i ided f1:ici.inate.d and 
c h l o r i n a r e i  polymers and eLasL.omers, n y l o n ,  Mylar,  arid po lyu re thanes ,  as 
well as metals s u c l ~  a s  leaL, copper ,  cadmium,  atc. Due either to modulus 
o r  ad izr . ion  problems, many o C  Ckse f i lms  d e t r s i .  $+d from the b a s i c  a d h e s i v e  
s t r e n g t h  and toughness  of  the epoxy-polyamine. 'I ne f luo roca rbon  o r  hiilo- 
f luorocarbon films iiot.icEablLy ii,inroved l o t i - .  c tneng th  and tolighnesc 3 i  
-320°F. Fi lms caf Tef lon  f lwroeehy i  e110 he.xnfluaro propylene (FE?) 
c o n t r i b u t e d  the most t o  pee l  stferigth snd t e n s i l e  s h e a r  a t  -320°F of anv 
f i l m  system s t i i d i ed .  These s u b s t r a t e  systems devcloped the b e s t  a l l - a r e u n d  
s t renath- i ro  -toughriesa p i o p e r t i e s  ove r  ths roGm i o  -423"'s t empera tu re  r ange  
of  any room tempera ture  c u r i n g  adhes ive  e v a i u a t e d ,  One of these,  Adhesive 
B ,  was s e l e c t e d  f o r  mplete evaluat.iorr . 

Based upon t h e  i n i t i a l  L i t e r a t u r e  survey a d  subsequent  commercial adhes ive  
evaiua ' ions,  po lyure thane  polymers were a l s o  i i ic iuded i n  t h i s  study. I n  gen-  
e ra l ,  t h e  polyure thane  elastomer6 were found t o  e x h i b i t  s u p e r i o r  s t r e n g t h  and 
toughness  c h a r a c t e r i s t i c s  a t  extremely low t empera tu re  when compared t o  
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nriy of t he  o the r  adhesives  s t u d i e d .  The bigges t  d i f f i c u l t y  with the  pblyurethaues 
i s  t h e i r  s e n s i t i v i t y  t o  moisture  and subsequent b h w h g  or foaming tendency. 
This  r e s u l t s  from t h e  gaseclus carbon d ioxide  produced from the  i socyanate  
r e a c t i o n  wi th  moisture  i n  t h e  air. This  c l f e c t  i s  very pronounced dur iug  
e l eva ted  temperature cur ing,  b u t  minimizes wi th  RT cur ing .  Three pcl?y- 
ure thane  elastomer adhesives  were s e l e c t e d  Adhesives C ,  D,  and. E .  Tits 
f i r s t  g ives  an e x c e l l e n t  balance of s t r e n g t h  acd toughnoss a t  -423"F, 
t h e  second gives e s s e n t i a l l y  t h e  same prcpsrtles but: o f f e r s  faster CULB,  and 
t h e  t h i r d  gJ-ves t h e  h ighes t  pae! s t r e n g t h  ;tL -423°F (44 lbs/ l ' i ' l  01 &try 
adhesive s tud ie s .  

Only one adhesive, Adhesive F, d a m n s t r a t e d  compa t ib i l i t y  w i t h  1'qiiid 
oxygen. 
a t  temperatures  up  to 700°F. The s t r e n g t h  and teughneslr c h a r z c t e r i s t i c s  
were excellent over a broad. temperature  range. Thc h igh  bonding temper- 
ature could be overcome in f i c ? d  a p p l i c a t i o n  \,, RF 'IL- r e s i s t a n c e  hea t ing ,  
exotherm tapes, etc. 

This adhesive c o m i s t e d  o f  a f luorocarbon f i l m  requj.rI,tg bonding 

h... chnn ica l  shock, b u t t  t e n s i l e ,  impact, cornpresfiion load k g ,  t h r r m l  
expansion, and c??.:: dcta are slsc gl\ren f o r  t h e s e  adhesives  dowu t o  
-423°F. 

The six s e l e c t e d  auhasives r?.rmonstrstxi, i n  genera l ,  a n  exce l l en t  coverage 
of the t a r g e t  o b j e c t i v e s  of t i i s  progr.e.m. Their g r e a t e s t  shortcomings 
wers high-,temperature s t i .ength and, with  the  except ion of Adhesive I?, 
s e n s i t i v i t y  t o  l i q u i d  oxygen. The low -temperature s t r e n g t h  and toughness 
of t h e  adiietiives compares very -f?;Jorably with, o r  exceeds- those gf; adhesives  
requi i r ing nuch nore severe  banding condi t ions  than t h e  reom tempei-a.ture, 
con tac t  preeaure curing c!- .aracter is t ics  of t h e  developed systems. 
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TABLE OF SYMBOLS AND ABBREVIATIONS * 

Definition 

Parts (by weight) of f i l l e r ,  curing agent, etc . ,  per 
100 parts (hy weight) of resin 

Parts by weight 

Room temperature 

Pounds per square inch 

Number 

One-thoussndth of an inch 

Hour 

Liquid hydrogen 

Liquid nitrogen 

Liquid axygrr. 
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